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ABSTRACT

The Nigerian Younger Granite Province is composed of anorogenic
Mesozoic ring complexes which were subjected to two distinct processes
of differentiation, resulting in two series; the hornblende - fayalite -
granite to hornblende - biotite - granite to biotite-granite and the
hornblende-fayalite-granite to arfvedsonite - fayalite - granite to
riebeckitic - arfvedsonite - granite. Of the two end members, biotite
granite is peraluminous while the riebeckitic - arfvedsonite - granite
is peralkaline Both rocks can be closely associated and have been
Mineralised.

The geochemistry and petrology of three selected mineralised areas
of this Younger Granite Province have been studied. Detailed maps of
the mineralised zones have been produced. Samples were selected from
the surface as well as from cores at depth and both altered and unaltered
samples have been studied mineralogically and by chemical analyses. The
results of the chemical analyses and petrological studies have been used
to suggest the composition of the mineralising fluids, the alteration
processes and the ore minerals formed.

At Ririwai, two phases of mineralisation have been found; a pre-
joint autometamorphic mineralisation in which K-feldspars replaced
earlier perthites, while new albite developed. Silicification and re-
crystallisation changed the original rock texture and introduced dispersed
mineralisation with thorite, columbite, xenotime and hafnium-uranium rich
zircon as well as enrichment in some trace elements. The second phase
of mineralisation was a post-joint replacement greisen-mineralisation
which took place in the roof zones of the cooling consolidated biotite
granite.. It involved a metasomatic introduction of cassitorito and sul-
phide ores into the crystalline biotite granite along cooling joints,
fissures and fractures. The sequence of replacement has been found to

be haematisation and kaolinisation - chloritisation and sericitisation -



Ha.
greisenisation - silicification.

At Gindi Akwati, only post-joint replacement mineralisation occurred
in the Older Granite with introduction of cassiterite, sulphide ores and
ome trace elements which were also enriched in the associated dolerite,
dykes. The alteration started by shearing and mylonitisation - argilli-
sation and haematisation -chloritisation and museovitisation - greiseni-
sation - silicification and feldspathisation - feldspathisation.

At Dutson Wai, the roof zones of the biotite granite were affected
by post joint mineralisation, and weathering of the roof zones of the
granite concentrated cassiterite in the alluvials. In the per-alkaline
granite, there was recrystallisation with introduction of albite, micro-
cline and the accessory minerals cryolite, pyrochlore, amblygonite and
astrophyllite.

Fom the ore minerals formed, and the chemical and mineralogical
composition of the altered wall rocks and the unaltered rocks, it is
shown that in the peralkaline granite, at the time of crystallisation,
residual fluids became increasingly enriched in volatiles as temperature
dropped and crystallisation continued. The fluids continued to change
continuously from an agpaitic megma to a sodium - silicate rich hydro-
thermal solution without supercritical phenomena, and the magmatic fluids
progressed to hydrothermal fluids without an aqueous phase seperating
off. At late stages, and near surface conditions, the confining pressure
decreased to below the hydrostatic pressure, causing an immiscible |i-
qguid consisting predominantly of salts and volatiles to separate. This
led to riebeckitisation of arfvedsonite, introduction of albite, quartz
and microcline, mineralisation with pyrochlore, cryolite and astrophyllite
and enrichment in some trace elements.

In the biotite granites, as fractional crystallisation continued,

the concentration of volatiles increased in the residium until saturation
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when an agueous phase separated. The cooler crystalline portions of
the granites in the roof zones of the intrusions were invaded by the
then immiscible phases from the still crystallising granites at slightly
deeper levels, causing albitisation, dispersed mineralisation with
thorite, columbite, xenotime as well as enrichment in some trace elements.
The late hydrothermal fluids introduced cassiterite with sulphide mine-
rals into crystalline host rocks along cooling joints, fissures, fractu-
res and even faults and the regional foliation of the Basement rocks
were utilised. This form of mineralisation was accompanied by wall-rock
alteration, while the cassiterite was transported in the ore fluids in
the form of alkali-thio-stannate or/and in the form of hydroxofluor-

stannate complex of tin of the [SnF, (OH)s x] type.



INTRODUCTION

Previous Work

The first survey of the Geology of the Nigerian
tinfields was undertaken by the Geological Survey of
Nigeria in 1919 when it was formed (MacLeod et al; 1971),
and the Survey unveiled the importance of the Younger
Granites as a source of the abundant tin mineralisation,
and also provided maps which delineated the boundaries of
the Younger Granites. A resurvey of the central area of
the tinfields including the Jos Plateau was carried out
between 1945 and 1948 and has been described in Bulletin
of the Geological Survey of Nigeria No. 19 (Mackay et al;
1949). The report gave more precise boundaries of the
Younger Granite complexes, recognised some of the major
ring complexes, described the distribution of the alluvial
tin and columbite as well as the rocks of the Basement
Complex. Another study on the Younger Granites was in
1950 when the occurrence of radioactive minerals in the
rocks was investigated (Mackay and Beer; 1952). A further
resurvey (MacLeod; 1956) was carried out and the distribut-
ion of columbite was described. Following this study, the
survey was extended from the Jos Plateau to the whole of the
Younger Granite Province, and the crystalline Basement
Complex (MacLeod, 1951-1957; Black, 1953-57; Turner,
1957-59); with a full description of the whole province
published as a Memoir of the Geological Society of London
(Jacobson et al; 1958).

From then to the present time, many workers have

published various papers on the Nigerian Younger Granites
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concerning their mineralogy, geochemistry, age, geco-
prhysical properties and mineralisation, Some of these
are Bond (1956) who gave a preliminary account of the
Pleistocene geology of the plateau tinfields; Borley
(1963) who studied the amphiboles and geochemistry of the
mafic minerals in some of the Youﬁger Granites; Bowden
(1961) who studied the geochemistry of some of the igneous
rocks, and has since then written several papers on some
geochemical, isotopical, mineralization and age trends in
the various complexes of the province; Butler et al. (1962)
who studied K/Rb ratios in the evolution of the Younger |
Granites; Smith et al (1962) who studied zirconium, niobium
and certéin other elements in some of the igneous rocks;
Thompson et al (1963) who studied Caesium in some alkali
granites of the province., Other workers include Carter
et al (1963) who studiéd the geology of parts of Adamawa,
Bauchi and Bornu provinces of Nigeria; Jones {1960) who
carried out mineral dressing tests on the extraction of
columbite and other heavy minerals from the Cdegi Younger
Granite; Knorring et al (1959) who studied the occurrence
of genthelvite in the Younger Granites. Several other
papers have appeared in different literature concerning
different -aspects of these rocks.

Qutline of Regional Geology.

The Nigerian Basement Complex covers about § of
the non-sedimentary areas and is composed of granulitic
gneisses, mainly psammitic and semi-pelitic gneisses;
granite gneisses and migmatic granite-gneisses believed to
have been derived from Older gneisses by granitisation in

situ; and medium-fine grained muscovite~biotite granites
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(Wright, 1971; Oyawoye, 1965}. The Nigerign Basement
rocks have been assigned to late Cambrian to Ordovician
orogeny and correlated with similar rocks from Dahomey
(Bonhomme; 1962), Age determinations (Jacobson ¢t al;
1963) from biotites using K/Ar dating gave the Basement
rocks an age of more than 500 my.
| The Younger Granites within which three areas of
this study have been selected lie in the north central part
of Nigeria, extending from the Benue valley to the south of
Kano State for a distance of about 420 km (Fig. 1.1).
Similar granites occur to the north-east in the Matsena
‘area of Borno State (Turner; 1974); around Zinder and Alr
plateau in Niger Republic {Bowden and Turner; 1974) and in
the Sahara, Cameroun and Sudan (MacLeod and Turner; 1971).
The Younger Granite Complexes of Nigeria occupy a total
area of about 10,440 kﬁz, individual masses ranging from
less than 2 km2 to 1,800 kmz, with a circular or elliptical
outline and a maximum diameter of about 24 km {MacLeod and
Turner, 19%1; Jacobson ev al, 1958). The rocks are
discordant high level intrusions, cutting across the
basement rocks. The Younger Granites were preceded by acid
volcanism and emplaced by ring faulting and bleck subsidence
(Turner; 1963). The rocks are mostly acidic in composit~
ion and are mainly granites and rhyolites with most of the
syenites containing quartz, while other intermediate and
basic rocks of gabbroic and doleritic compositions are
subordinate to the acidic rocks in aerial extent.
The major granite types are hormblende-pyroxene-
fayalite-granites, biotite-granites, and riebeckitic-arfved-
sonite~granites, The granites have been classified as

soda—-potash granites usually having a slight excess of soda



Figure 1.1 is a gketch map of the Figerian Younger

Province, and the threec arecas of study arc shown,

D. Mai = Dutsen Wai.
G. M, = @Gindi Aewati
Ririwari.
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over potash, except in a few cases when the albite-
riebeckitic-arfvedsonite granites may be highly enriched
in soda due to late stage albitisation.

Age determinations have shown that the Nigerian
Younger Granites are of Jurassic age (Jacobson et al; 1963).
Bowden et al (1976) using Rb-Sr. whole rock isochrons, found
the complexes to decrease in age from about 190 ¥ 10 my in
the north to 144 £ 2 my in the south. They found that the
range of dates was indications that the individual
granitoid ring complexes were not emplaced into the upper
crust at the same time, but evolved during the upper
Triassic and Jurassic. These Younger Granites and their
environments contain the major tin-columbite~sulphides

mineralisation in Nigeria.

Geography of the Area.

The YoungerlGranites consist of isclated uplands,
some rising to about 1220 m from the surrounding plains,
The area varies in topography from level flat plains, and
plateaus lacking exposed rocks, to rugged, deeply dissected
massifs, arising from the more resistant rocks. The
emplacement of the Younger Granites was followed by a period
of erosion and deposition of alluvium by rivers and streams.
Then during the early Tertiary, the alluvium deposits were
covered by lava flows of the Older Basalts. The basalts
have been largely decomposed to clays and these are in turn
G%pped by laterites, forming isolated, tall, flat topped
hills in the Jos Plateau Area. These fluvio-volcanic hills
may be up to 40.m)thick and one of such hills occurs at
about 1,535 m above sea level at the Vom-Ganawuri Granite
(pixey, 19h5)1 Later deposits of alluvium and a further

volcanic phase gave rise to cones and lavae flows of the
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Newer Basalts. The Younger Granite provincé thus has
provided isolated hills in its northern part where thick
woods and bushes are abundant, In the south, the rocks
usually form continuous mountain ranges and plateaus.
The area is drained mainly by the rivers Kaduna, Gongola and
the Chad system, and the general and local drainage systems
are usually radial.

The climate of the area is marked by three
distinct seasons:-

a, Late Nov-Feb.: Harmattan (winter), forms part of the dry

season with the Sahara Desert winds blowing north-easterly
with plenty of dust. Temperatures at this time hardly
exceed 80°F.

b, March-May: Dry Season, usually very hot with little rain

in some places. The wind blows from northeast to south-
west and temperatures may be as high as 1050F.

¢, May-Sept: Wet or Rainy Season (Summer), winds blow in a

south-westerly direction with occasional sunshine and
temperatures may reach 90°F in some places. Sept.-late Nov.
may correspond to Autumn and is not well marked, usually
characterised by winds from south-west to north east.

Rains may sometimes be heavy in QOctober finally fading in
early November.

The vegetation corresponds to the Sudan-Savannah
type with grass as tall as 1 m in the rainy season and some
well scattered trees in some areas. Further north the trees
give way to thorny shrubs. The mean annual rainfall is
about 150 cm in the south, decreasing to less than 100 cm
in the northern part of the province. The mean Relative
Humidity at 0600 hours and 1200 hours is 50 ﬁerccnt and 58

percent respectively (Schroeter, 197h4).



Aims and Scope of the project.

Although much work has been done cn the Nigerizn

Younger Granites and their associated mineralisation, not

all the individual areas have been mapped in detail.

Similarly, there has been no thorough investigation of the

mineralisation in such areas. Besides, even in the areas

where mining companies operate, information is available
mainly on the ores in which the mining companies are
interested only. As such, the relationships between the
different mineralised areas and the processes involved in
the mineralisation of the areas have not been well
established., In general, information is lacking on the
particular ore minerals that occur in a particular areca

as well as the actual environment in which they occur.

The aims of this project were:-

(1) To produce a detailed map of the Ririwai lode, the
associated veins and the accompanying zones of the
altered wall-rock.

(2) To study the chemical changes accompanying the mineralis-
ation, the processes involved in the wall-rock alterat-
ion, the extent of the lode at depth and the changes in
wall-rock alteration with depth.

(3) To produce a detailed, accurate large scale map cf the
Gindi Akwati primary mineralised zone, study the
processes and chemical changes accompanying the
mineralisation as well as establishing the order of
emplacement and shearing of the different rock types in
the area.

(4) To ascertain the extent of cassiterite mineralisation in
the Gindi Akwati zone for a possibility of developing a

mine .
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(5) To produce an accurate and detailed map of the Dutsen
Wai granite complex as well as finding the source of
the alluvial cassiterite in the area.

(6) To identify the ore minerals present in the three
areas, and to add more information to the existing one
on the Younger Granites and their associated mineralis-
ation.

In order to produce a map of the Ririwai lode,
overlays were taken directly from air photographs of the
lode on the scale of 1:;5000., The rest of the information on
the map was plotted from data obtained with a compass and
tape measurements. For analytical work, rock samples were
obtainedhfrom cores (Ririwai, L 13) to a depth of 450 m,
while greisen samples were obtained from adits.

At Gindi Akwati, the boundaries of rocks were
first surveyed in with the assistance of the Ex-Lands
mining company surveying staff. The geology was put on
the survey map using a plane table, and wherz necessary a
measuring tape was used., Two cores were drilled to a deptlh
of about 50 m each and a core diagram was drawn. Samples
were further selected from the cores for analytical work.

The Dutsen Wai map was made by examining the
rocks from place to place with the aid of air photographs
and a topographic base map on a scale of 1:25,000 (sheet
125 NW). Fresh samples for analytical work were obtained

from rock boulders using a sledge hammer.

Analytical methods.

The analysed samples were first crushed and
ground to about 200 mesh in a TEMA mill. The powders

obtained were bottled and different methods used to analyse

for different elements.
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(1) sio,, Al,04, TiO,, total Fe, MnO, Ca0, K,0 and Py0,.

These oxides were analysed for by X-ray
fluorescence spectroscopy. 0.3750g of the powdered samples
were mixed with about 2g of borax flux. The mixture was
fused at about 1,20000 and pressed into glass beads using
a graphite disc, a brass ring and an aluminium plunger kept
on a hot plate at about 200°C. The beads were allowed to
cool and later compared with beads of known element contents
on the XRF. Calibration curves of beads with known element
percentages against ratios of counts obtained on XRF from
standards and counts from prepared beads of known elemental
content.. Equations were derived from these curves and used
to calculate the elemental contents of the unknown samples.
Two of such curves and equations for Total Fe and Na are
bresented here (Fig. 1;2). The fluorescent intensity due to
the elements concerned was measured for a fixed tiue,
usually 10 sec. For-each sample 3 readings of the peak
intensity and background intensity were obtained and their
mean found. The background intensity was subtracted from
the peak intensity and the nett intensity was divided by the
standards nett intensity and the ratio substituted in the
calibration equations to find the percentage of each
element. The accuracy was estimated to be about 2 0.5 per-
cent (Norrish and Chappell, 1967).

(2) Mg0, Na,0 F and Cl.

Due to the matrix effect these elements were
analysed directly from the powders in form of pressed
pellets. About 6g of samples were ground in a mortar with

about 6 drops of a liquid adherent and the resultant ground
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powder was made into pressed powder pellets., The pellets
were then analysed for the above elements on the XRF in the
same way as the fused beads. /Norrish and Chappell, 1967;
Jenkins and Van Gelder, 1968/.

(3) FeO_and re,O

Ferrous iron was determined by sample decomposition.
About 0.,2g of sample were placed in plastic bottles and 5 ml
of Ammonium metavanadate added, followed by 10 ml of hydro-
fluoric acid. The mixtures were swirled and after the
powders had dispersed, the samples were left to stand over-
night. Then 15 ml of mixed acid (200 ml orthophosphoric
acid and 450 ml of 509 v/v sulphuric acid) and 15 ml of 4%
boric acid were added to the samples. The solutions were
then poured into beakers containing 200 ml 4% boric acid,
and 10 ml of ferrous ammonium sulphate solution were added
followed by 2 ml of sodium diphenylamine sulphonate as
indicators. The solutions in the beakers were then
tritrated against potassium dichromate solution from a
burette. The procedure was carried out at the same time
on an empty plastic bottle as a blank. The blank titration
was subtracted from the sample titrations and the ferrous
oxide percentage calculated thus:-

1 mg FeO = 1000 ugFeO.

1 ml standard dichromate
Blank titration = y ml.

Sample titration =x ml.

% FeO = (x=y) x 100 _ (x=y) d
Sample wt. X wt. of sample is g x 10
1000 mg

Ferric ircon was then calculated by subtracting
the calculated ferrous ion from total iron determined by the

XRF method. The results for Fe0 determination have been



considered to have an error of % 0.24 and with a lower
detection limit of 0,05% FeO (Wilson; 1953).

{(4) Rb, Sr, Y and Zr were analysed by pressing the

powdered samples on a boric acid back using 2g of sample,
The pressed pellets were then analysed using XRF.

(5} Li, Be, Sn, Cu, Pb, Zn and cd,

About 0.5g of rock powder were placed in 25 ml
Teflon dishes and 4 ml of perchloric acid and 15 ml of
hydrofiluoric acid were added to the dishes in a fume
cupboard. An empty dish was included and treated similarly,
as a blank., The dishes and their contents were left to
stand for three days and then heated for about 8 hours on
a water Eath until all the hydroflueric acid had fumed off.
The dishes were transferred to a sand bath and the remaining

perchloric acid was fumed off under Infra-Red lamps. When

the crystal mush was Jjust moist, 2 ml of perchloric acid were

again added and the evaporation repeated. When the crystals
were again just moist, 15 ml of distilled water were added
and the crystals allowed to dissolve and cool, The
solutions were transferred into BQ ml volumetric flasks and
1l ml of perchloric acid added, the whole mixture then
diluted to volume with distilled water, The solutions

were aspirated directly into an Atomic Absorption Spectro-
photometer and the sample absorptions were compared to the
absorptions of artificial standards, The elements were then
calculated thus;-

Sample absorption
Blank absorption

b4
Y

(x-y)
Higher standard with 'a' ug/ml and absorption h

LI

Net absorption

Lower standard with tb' ug/ml and absorption 1
hence ug/ml element = (F"i)ia;b)

and ug/g = p.p.m = ug/ml x dilution
wt of samnple in g.
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In this case the dilution was 50 and the method

has a detection limit of 0.02 p.p.m. for Zn to 1.25 p.p.m.
for Sn and a detection range from 2-500 p.p.m. for Be to
25-4000 p.p.m. for Pb. The error of determination is
estimated to be about a minimum of ¥ 1.5 p.p.m, for Be to a
maximum of 6.6 p.p.m. for Pb (Belt, 1964, Buckley et al,
1971; Flanagan, 1969 and 1973).

(6) sn_(as Cassiterite)

Owing to the low detection liﬁit of 4000 p.p.m.
for Sn in the above method, the tin bearing greisens were
analysed by a different method. About 1.0g of rock powder
were placed in pyrex test tubes and mixed with 1,0g of
ammonium lodide, The tubes were stoppered with a one holed
rubber bungs and heated on a bunsen burner with_occasional
shaking to effect even and gentle heating, The volatile
components which vapourised condensed on the cooler parts
of the tubes. When no more vapourisation was observed,
the tubes were allowed to cool and 10 ml of 10% hydrochloric
- acid were added to the tubes and shaken to dissolve the
sublimates. The tubes were then stoppered and immersed
into a water bath at about 7000 to ensure conmplete
dissolution. The tubes were shaken and allowed to settle.
The supernatant liguids were then spraved into Atomic
Absorpticen Spectrephotometers and the results compared to
a range of tin standard solutions. The quantitative wvalues
 wWere cbtained thus:- |

ug/ml Sn = Absorbance of Sample (ug/ml Sn in higher
standard + ug/ml Sn in
lover standard)

Absorbance of higher standard + absorbance
of lower standard

ug/ml Sn x dilutions
wt of sanple in g

then p.p.m. Sn =
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In this case, the dilution was 10, with an
analytical range between 5ug/ml - 200ug/ml Sn and a lower
detection limit of 20 p.p.m. Sn. The estimated error of
analysis is about ¥ 20 p.p.m. (Bowman; 1968).

(7) Sulphur

Sulphur was analysed for only in the greisen
samples from Gindi Akwati due to their sulphide content
but only five samples gave values from 0.11 to 0,72 per
cent with the rest having less than 0.10 per cent S.

About 0.1lg of rock powder were placed into glass centrifuge
tubes and 0.2 ml concentrated nitric acid and 0.6 ml
concentrgted hydrochloric acid were added to the tubes in

a fume cupboard. The tubes were heated to boil for a

short time and after cooling 1.0 ml of calcium chloride
solution and 5 ml of distilled water were added and again
boiled for a short time. The tubes were allowed to cool
and 3 ml of ammonia solution and 5 ml of distilled water
were added, the tubes shaken and centrifuged to settle the
insoluble residues. The supernatant liquids were decanted
into 500 ml volumetric flasks and diluted to volume with
distilled water. 5 ml of each sample were placed in 2 cm
spectrometer cells and about 0.03g of powdered barium
chloride were added to the cells using a graduated tube.
The cells were shaken to dissolve and mix the barium
chloride and after a short time the optical densities of
the turbidity in the cells were measured at 650 nm on a
Unicam SP 800 spectrometer. Similar treatment was given

to an empty tube as a blank and the sulphur content of the

samples was calculated thus:-
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ug/ml $ in Sample = Absorbance of Sample (ug/ml 8§ in higher std.
+ ug/ml S in lower std

Absorbance of higher std. 4+ absorbance of
lower std.}.

% S in sample = ug/ml S in sample x dilution x 100

Weight of sample in g x 106

The dilution used was 500 and the analytical range
was 0,05 - 20ug/ml S with an estimated error of analysis of
‘about ¥ 0,489 s (shapiro, 1973).

(8) U_and Th. o

These elements were determined by the non-destructive
method of Resonance Neutron Activation Analysis (Meyer, 1971).
About 0.4g of rock powder were sealed in polythene sample
tubes and irradiated in a cadmium shield for about 5 hours
in a 300 Kw Reactor at East Kilbride. As drradiation
standards, 10.25mg/ml Th and 10.09mg/ml of U were sealed in
polythene tubes and treated as the samples., After a cooling
time of 5 days the samples were transferred to accurately
weighed sample tubes and re-weighed. For the determination
of Uranium, the transitions of 232Np were measured for
a Tixed time of 60 min. using a Ge(Li) detector and a 400
channel pulse height analyser with a resolution of 1 kev per
channel. The intensities of QBqu at 210 kev and 278 kev
on channels 472 and 617 respectively were found by passing
the signals from the samples via the debtector into a channel
analyser. The number of counts/channel were teletyped and
later reduced by computer to give peak aress corrected for
decay and background as well as the standard deviations,
After 27 days Thorium was analysed for on the same basis by
measuring the intensities of 233Pa between 300 kev-340 kev

and channels 550-680 with the best maximum peak on 312 kev
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233?& end 239Np

and channel 626, The measurements of
were based on the production of X-rays of these daughtcr
elements on bombardment of the parent Uranium smd Thorium

during the neutron irradiation thus:-

23 239. B~ 239 B 239
i, y) P %35 Fin Mo 3 ame” ra
Comlny 3 P Fwene Bl on. Bl
22.1 mirl " 27-4&

After the corrected arcas and the standard

dovintions were found, the Uranium and Thorium contentc in
the samples were found by comparing with the standards ond
the calculations were as followgs=-

Aren of Sample
Area of Standard

X ug standard = ug sample.

vg sample
weight of sample in g

henece = Sample in p.p.u.

For comparison purposcs some graphs of counts
against channecl number were plotied and very gocd peaks wvere
obtained and arcas caleulated from these graphs gave good
results much closer to values obtained by using areas
obtained by computer calculations. Two of such graphs, one
for Uranium and one for Thorium are presented herc (Mz. 1.3).
Generally, for cach sample, the values were calculated from
2 peaks and the results gave maximum differences of only
3 p.p.m. This method of determination has been found to
have detection limits of Uranium and Thorium at 0.1 p.p.m.
in samples of 200 mg ( Meyer, 1971, Turkowsky, 1967). The
maximm standard deviation found here is however 9.44 for
Thorium in a sample containing 257.0 p.p.m.

The methods used for analyses in this study have all

been uscd for a long time and are still being used
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exten%ively. The XRF analyses have been done in the
laboratories of the University of Dundee with the assistance
of the technician there. These of Rapid Silicate
decomposition, Atomic Absorption and a few trace elements
on XRF have been done at the University of st,. Andrews
with the assistance of the technicians, while Uranium and
Thorium were determined at the Scottish Universities
Research and Reactor (Centre with the assistance of Dr. J.
Whitley of the Radiochemistry Unit. The results are of
high standard and compare very well with published data
analysed by the same methods using the same eqguipment.

These analyses combined with fieldlobservations and
other pefrographic methods of transmitted and reflected light
ﬁicroscopy have been used for the study of the geochemistry
and petrology of mineralisation in the three areas of this
study (Ririwai, Gindi, Akwati and Dutsen Wai; Fig. 1.1).
The individual areas are fully described in the following

chapters.
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CHAPTER 2 o

General Description

The Ririwai complex occupies an afca of about
180 km2 in the southern corner of Kano State, halfway
between Jos and Kano cities. The complex is situated
between Latitudes 8°41'E and 8°48'E and Longitudes 10°41'N
and 10°48'N, It has an oval shape {(Fig. 2.1), with the
longer and shorter axes measuring 1% km and 11 km
respectively (Jacobson et al; 1958). The intrusion is
a prominent hill massive and rises to about 450 m above
the surrounding level plains. The centre of the massif is
occupiedlby biotite granites, surrounded by a broad tract
of volcanic rocks. The area has a radial drainage patiern
with deep gorges in the steep outer escarpments,.

7

Previous work

Thomas and.vitoria (1922) gave a brief description
of the hills with particular attention to the ores and the
nature of the wveins that contained them.,. Williams (1923)
described the ferruginrous capping and its associated
fragmental quartz and cassiterite. Russ and others (1927)
gave a brief description of the general geology, distinguished
between the granites and rhyolites, and gave a short account
of the tin mineralisation. Haag.(l9h3) described the area
with special emphasis on wolfram and its mcde of occurrence.
Jacobson (1947) gave a detailed description of the compiex in
a thesis submitted to the University of London, Furthermore,
- Jacobson and others (1958) described the different wock
tfpes, the petrology and their mineralogy. Turner {1972)

has also described its structure and tectonic setting, while
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Jacobson and MacLeod (in press) have done more detailed
work, modifying and adding to earlier interpretations.

The Complex

The Ririwai complex is a comparatively simple
type of ring structure in which two major cycles of
magmatic activity have been distinguished (Jacobson et al;
1958), and the intrusion has been found to be about
176 ¥ 5 my (Van Breemen et al; 1975). The early volcanic
cycle which was initiated by ring-fracturing and block
subsidence led to the formation of a large caldera in which
a great volume of lava and pyroclastic material accumulated.
This volcanic activity has been interpreted as being in two
stages (Jacobson, l9h7). In the first stage, a
considerable volume of lava and pyroclastic material was
erupted from vents. 1In the second stage, the rhyolites
were entirely intrusive, and appeared as dykes and
intrusion breccias in the early lava, and the late rhyolites
were emplaced during a further period of fracturing and
subsidence of the caldera block. Both types of rhyolites
have been intruded by a steeply dipping plug of quartz-
pyroxene-fayalite porphyry, which was probably emplaced as
a result of further high level cauldron subsidence. This
volcanic cycle was followed by a phase of deep-level
cauldron subsidence during which the peripheral ring dyke
and central granites were emplaced., This granitic cycle is
represented by an aster ring-dyke of arfvedsonite-granite-
porphyry which has been followed by several phases of biotite
and riebeckitic-arfvedsonite-granite. Many rock types were
therefore formed during this magmatic activity, which taken

together, form the Ririwai ring complex, Jacobson and others
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(1958) gave the cycle of volcanic and granitic activity
and their summary is reproduced here;

1. Barly rhyolites, tuffs and agglomerates.

Volcanic 2, Late intrusive rhyolites and intrusive breccilas,
3. Quartz-pyroxene-fayalite-porphyries.
Cycle b, Basic dykes and semi-conformable basiec

intrusions. g : A

Arfvedsonite-fayvalite~granite-porphyry ring
dyke.

Biotite granites.
Riebeckite-micro-granites,
Riebeckite-aegirine gramnite,
Albite-riebeckite granite.

Minor acid dyke rocks.

Granitic

-

L]

ORI

Cvcle

-

However, this study is restricted to the central
biotite granite and therefore only the biotite granite
will be discussed and described further.

The Central Biotite Granite

The biotite granite occupies an area of about
27 km2 in the centre of the Ririwai ring complcex. The
biotite granite exhibits several facies and includes smaller
microgranitic bodies and dykes which are intrusiJe into the
mzin biotite granite and have chilled margins. The main
biotite granite massif dis in turn intrusive into the
rhyolites, basic rocks and granite porphyries wiéh many of
the microgranite bodies completely enclosed by the volcanic
rocks in some places, Towards the contacts with the
rhyolites, the biotite granite becomes finer grained, with
many knots and streaks of pegmatitic material. The biotite
granite contacts with the rhyolites are sharp and well
defined, Finger-like bodies and dykes of the biotite
granite penctrate into the rhyolites and where such contacts

are well displaved, recrystallised zones of the rhyelites

can be cbserved. The biotite granite contacts siightly
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dip outwards under the rhyolites, but in most places the
contact appears more horizontal. Thie biotite gfanite is
considered to have been enplaced by cauldron subsidence,
the roof being localised by a gently domed cross-fracture,
extending almost across the full width of the structure
(Jacobson et al; 1958), Gravity measurements have
suggested that the biotite granite is a shallow, radiale-
dipping elongate dome or cupola, extending outwards beyond
the confines of the original ring fracture {(Ajakaive; 1968).

The many joint planes predoninantly trend between
E~W and NW-SE with the minor ones sometimes trending NE,
and greisenization is widespread along the Jjoint planes,
cQuartz véining accompanied by wall rock alteration is wide-
spread in the biotite granite, the greatest development
being in the main lode which strikes in a E~W direction and
is the most prominent feature of mineralisation in the
bjotite granite. The main lode and quartz veins have given
rise to black zones of greisen and reddened granite. At
the eastérn end ¢of the main lode, the vein system extends
for short distances into the rhyolites with dispersed
mineralisation., At present, small scale blasting of these
zones in the volcanics is widespread and the loc;l people have
won cassiterite in these zones. Some veins occur in the
finer grained (microgranitic) biotite granite as well, but
such veins rarély contain any ores. One of such microgranites
is a sulphurous outcrop and has been blasted, but no ores
have been obtained. The abundance of mineor intrusions of
microgranite and the well developed greisen zone; have been
interpreted as an indication of proximity to the original

roof of the intrusion (Jacobson et al; 1958); and they state
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that such features have been noted in grunite intrusicns of
comparable depth of erosiocn in other parts of the granite
province,

The presence of the greisen veins and their
coalescence to form a big tin lode has further been used
to suggest that the biectite granite has only recently
been un-roofed, and the intricate textured variation
(coarse grained and microgranitic) and subsequent post
magmatic processes are typical of the roof zones of

mineralised biotite granites (Bowden et al; 1975).
The main lode

The Ririwai lode is about 5 km long and extends
in a E-W direction (Fig. 2.2). The dip of the lode is
almost vertical, and it is well exposed on the western side
of the biotite granite where it has been extensively
worked to depths of up to 9 m in places. The eastern end
of the lode is not well exposed, but can be traced ecasily
along the massive quartz-greisen boulders. It is further
split inteo a series of en echelon veins and appears to have
been slightly faulted, and the resultant series of wveins
terminate as tongues and finger-like bodies into the
rhyolites.

The lode varies in width from 1.5 m to 2.5 m, but
its maximum depth has not been ascertained. At present,
the Gold and Base mining company is drilling along the lode,
and depths of more than 450 m have been reached in the lode.

The lode is composed of a central quartz vein containing

[
n

cassiterite and sulphides, This central quartz with ore

bordered by a zone of dark-greenish greisen which varies i

g

width from a few cms in places to more than 1 m wide, on
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Pigure 2.2 is a detailed map of the Ririwai lode and the
surrounding rocks and major joint directions., The lower por-
tion of the map is the castern end of the lode and hns been
drawn so that the west end overlaps with the east end of the
upper portion to show the continuity. The scale of 1:5000

as statcd is inaceurate since the map has been reduced by
photography and so only thec representative scale is valid.

iecm = 250m,
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both sides of the central guartz. Smallef Qein; of
gquartz branching from the central vein into the borderving
greisen are very common particularly at the western end
(Fig. 2.3). The greisen zone passes laterally into
reddened granite on both sides of the lode, and £he
reddened granite zone may vary from 1 m to more than 5 m
in width. This reddened granite zone in turn grades into
the unaltered biotite granite. The Jjunction between the
greisen and reddened granite is irregular but sharp in
some places. Similarly the junction between the reddened
granite and unaltered granite is irregular but may be
sharp in some placés. The total effect therefore is that
of a lateral zoning and is persistent on the wesd end
of the lode (Fig. 2.3). A similar type of Zoning has
been described froﬁ Casapalca, Peru (Kinstry and Noble;
1932); where the veins that traverse greyish-green porphyry
intrusives are outlined by white, pink, green and purplish
alteration zones thai are in a sequential pattern from the
veins outwards in that order. -

The veins

A braided series of quarfz veins, nearlyivertical
with zones of greisen and granite reddening occur associated
with the main lode (Fig. 2.4). The veins vary in size and
numbers from place to place, but concentrate more at the
two ends of the lode where the lode approaches granite
ridges, The veins are usually separated from one another
by large portions of unaltered granite. The quartz veins are
lenticular, with numerous branches and may range from
stringers to a width of about & ¢m exhibiting a crude comb-
iike structure (Fig. 2.4). The veins are massive in some
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Figure 2,3 is a plan of a section of the lode at thc west end
showing the various zones of the altered wall rock., The centre
is massive quartz with orc minerals, which is bordered by
massive greisen, which is bordered by reddencd granite, in
turn bordered by unaltered granite. Much of the section has
been workcd to depths of more than 5m,

Seale: 1em = 2,.5m,
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Figure 2.4 is a map of n zone showing the typical vein system
adjacent to the main lode. The thicker veins are those that
have similar zonation of wall-rock alteration to the main

lode i.c. a centre quartz sometimos with ore mineranls, bordered
by massive greisen which is bordered by reddened granite, in
turn bordered by uvnaltered granite, Only the veins on one

side of the main lode arc shown here,

Secle 1em = 2.5m.
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places but cavities also occcur, usually containing gquartz,
mica, a clay mineral and soaetimes cassiterite. The
contacts between the veins and the greisenised granite are
sharp, and where the veins tend t¢ be massive, similar
zoning as in the main lode can be observed.

The quartz veins are undoubtedly fissure filling
veins, The wvein forming fluids must have been injected
into a braided series of narrow fissures which were further
forced apart by the hydrostatic pressure and the wedging
effect of the ore fluids. The formation of the quartz
veins was accompanied by extensive alteration of the
wall-rock, but quartz veins with only slight greisenisation
of the wall~rock as well as greisenised fissures without a
guartz filling are present. This indicates that the extent
of greisenisation is not directly related to the size of
the adjacent guartz veins, and may infler that the
greisenisation of the wall-rock may have taken place
slightly earlier than the filling of the channel ways with
quartz and ores, It is possible that the fissures were
opened for some tiwme and gquartz filling and ore deposition
took place over a period of time, However the formation of
the veins, greisens and reddened granite were closely
connected and the gquartz veins are typical fissure veins_

{(Lindgren; 1933).

e o e e e e e e i i A B o A e e e e e b e e

The central bioctite granite with which the Ririwai
lJode is associated has a variable texture and colour. It
is a medium to coarse grained rock. The larger proportion of
the granite intrusion is pinkish, but towards the eastern

part of the lode, a whitish variety, much more even textured
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occurs. Unlike the pinkish granite which hés elustcrs of
biotite, the whitish variety contains individual flakes
of biotite and small spots of iron staining can be abundant
and easily observed in hand specimen. Although similar
oxide staining may be present in the pinkish variety, it
may not be easily seen in hand specimen.

Biotite Granite

In thin section, the biotite granite contains large
crystals of gquartz, orthoclase and microcline microperthites.
The large quartz crystals occur in clusters givi;g an inter-
mittent grey-white-dark matrix. The quartz is generally
clear and lacks fractures and strains with little or no
inclusions. Some sections reveal graphic intergLowths ol
quartz with orthoclase and a few pseudomorphs of quartz
-after microcline~microperthites can be observed,

The orthoclase micropcecrthite crystals are anhedral,
irregular, and in some cases patchy. The cloudiness of the
orthoclase perthites can be extensive and is attributed to
kaolinisation. Red brown gels and clots are also associated
with the microcline and perthites. Albite sometimes appears
as narrow rims around the borders of the perthites. In
some sections (L13-315; L13-411 and L13-440), individual
crystals of well twinned albite occur and are particularly
abundant in L13-4%11., The albite is likely late deuteric,
developed during the albitization process. Several of the
o

albite crystals have extinction angles between —30 to =15

and the compositions therefore lie between Ab and

90 A™30

Ab by the Michel Levy method (Kerxr; 1959).

95 Als
The biotite of the granite is either dark greenish
or brown. The biotite may either be plcochroic from deep

brown to pale or straw yellow or it may be pleochroic from
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pale green to dark grecnish brown. Some sections may be
pleochroic from dark brown to opaque. Some of the dark
hbrown biotite have developed pale green overgrowihs and
extensive alteration and replacement has affected the hiotite
of the rock. The biotite may sonetimes be associated with
abundant iron oxides and fluorite. A few zircon crystals
sometimes occur close to the biotite boundaries, and in
association with columbite and xenotime. In such areas,
much of the biotite may contain radicactive haloes as well
as replacement or enclosed crystals of fluorite particularly
albng cleavage planes, Some optical properties determined

on the biotite are given below (Table 2.1}, 1

Table 2.1 Optical properties of micas from Kiriwai
Optical Sample
Property 1,13-10 L13-411 b ns 2 ng 3
n 1.602-1,60% 1.593-1.603 1,602~1.605 1,590~ 1.606~
1.621 1.605
2V 5-10° 3..8° n.d. © 30%  30-45°
Ext =z a 2-4° 0-3° n.d, 3-6° 4.8°
X pale brown green n.d. pale pale~
green yellowis,
green
Y dark brown greenish oclive green yvellow- <deep
brown ~yellow ish green
brown
Zz nearly dark green dark olive brownish pale
cpaque brown green green brown
Absorption X£Y<4 2 2eYZ Y« 2 XY Z X X2 2
L13-10. Biotite, from sample at 10m depth in the detor—
Biotite granite minéd
113-411, Biotite, from a sample at 41llm depth in b
Biotite granite Sy Abaa
RS 2, Mica, from greisenised granite on surface. *
RS 3. Mica, from greisen from blasted boulders.
k. Green mica (ferrophengite) from tin-bearing

greisen zone of Ririwai Lode. X700, taken from
Jacobson et al. {(1958) P.15.

The most common accessory mineral in the biotite
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granite is fluorite., Massive fluorite occufé always
associated with bictite, Zircon is sometimes present while
iron oxides may locally becone abundant around the biotite
crystals.,. Two of the sections examined ceontained crystals
of sphalerite in relatively unaltered granite. Other
accessory minerals in the rock include thorite, columbite
and xenotine,

Quartz, orthoclase and microcline-microperthites
form the bulk of the biotite granite composition., Quarts
forms about 37 per cent modal volume of the rock while
feldspars form about 55 per cent of the rock and biotite
2.5 per cent (Table 2.2)f Biotite may have crystallised
first followed by feldspars. The late deuteric alteration
must have modified the simple exsolution perthite texture
resulting in the irregular, patchy replacement perthites,
while late deuteric albite has formed narrow riwus éround
the borders of the perthites. This deuteric effect and some
late hydrothermal action caused recrystallisation with
microcline and finely twinned clear enhedra albite intro-
duced., This may have been the period of introduction of
fluorite. It is thought that the sphalerite developed in
relatively unaltered granite may have been dispersed in the
rock at this recrystallisation period, together with the

. ’ |
other accessory minerals of columbite, xenotime ;nd thorite.
The iron oxides associated with the bictite may be a
replacement product of the biotite and other minerals, while
the common haloes in biotite are radioéctive cores caused by
bombardment from the zircon crystals containing some radio-

active material,
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Reddened Granite

The reddened granite is easily identified as
derived from the biotite granite, Its colour varies from
pinkish at the western end of the lode to a deep brick red
at the eastern end. TIts texture is much the same with that
of the original biotite granite, but contains small dots
and clots of a green mica which may have arisen due to

incipient greisenisation.

Table 2.2, Modal analysis of rocks from Ririwai

L13- L13~-  L13- L13< L13-
Sauple 10 190 315 k11 Lo RS 1 RS 2
Quartz 35.5 35.6 36.9 33.7 34.8 30.1 43,6
ortho- - | |
clase- 54,7 55.8 54,1 52.3 52.4 62,9 20,8

micro=- ' . |
perthite '

Plagio= 5.9  h.3 7.4 12,3 10.8 0,7  trace
Biotite 2.3 2.8 1.7 1.1 1.2

Mica : 3.1 16.5
Fe oxides 0.9 trace O.h4 0.2 0.2 4.3 0.8
Fiuorite G.h 0.3 0.8 1.3 0,9 0.4 | 1.7

Numbers with L13 are biotite granites, and the numbers after
1.13 indicate the depth in metres from which the sample was
takern.

RS 1. Reddened granite.

RS 2. Greisenised granite.

Modal analysis by S.I. Abaa 1976.

In thin section, the reddened granite consists of

potash feldspars which are highly mottled and the orthoclase-

micro-perthitic texture in the unaltered granite has been

gestroyed, while small amounts of mica and fluorite are present.
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The general appearance is that ﬁf recrystallisation and
reconstitution. PFine specks and dots of iron oxides and
red jells are alsc present.. The fine specks of iron
oxide are usually crowded around and in the reconstituted
feldspars. The red gels and crowded iron oxides are
possibly the cause of the red colouf of the feldspars,
giving the whole rock its pinkish and brick red colours.

From the modal analysis (Table 2.2) the amount of
quartz has dropped slightly in the reddened granite, while
the modal volume percentage of feldspars has increased
remarkably. The plagioclase {albite)} of the unaltered
granite has been completely eliminated and sections with
‘remnants of the original feldspars have been highly
sericitised. The biotite of the original granite has been
partly replaced and chloritised while a new mica!is beginniné
to develop. The abundant iron oxides are due to haematisat-
ion (wilson; 1972) and becomes more intensc adjacent to the
lode. This type of wall-rock reddening assocjiated with tin
mineralisation has been reported, and in most cases, there
is a similar feldspar reconstitution and enrichment in oxides
or bleaching formation of a new mica or replacement of
biotite by chlorite and/or fluorite as well as sericitisation
(Wilson, 1972; Hall, 1971; Noble and Kingsley: 1932).

Greisen

The greisen proper is dark grceen while the greisenised
granite is rather grey with tints ef pink which indicates
that the greisen is a product of the reddened granite.

-This dmplies that the biotite granite underwent a progressive
alteration through reddened granite to greisen. It can thus
.be concluded.that ore fluids caused alteration of the wali-

rock and the intensity of alteration increascd towards the
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fissures along which the fluids migrated, until ores
were deposited in the fissures. Thus the reddened granite
may have been formed before the greisen which in turn was
formed before the central quartz and associated ores (Fig.
2.5). The minerals that can be easily recognised in hand
specimen in the greisen are quartz, mica, galena, sphalerite,
cassiterite and sometimes fluorite, while topaz is rare
and may not be seen even in thin section. Impregnations
of gquartz, sphalerite and galena are abundant in the greisen
associated with the main lode, while narrow zones of greisen
associated with adjacent veins occasionally contain large
well developed individual crystals of quartz (Fig. 2.4).
The greenish greisen appears porous with abundant small
cavities sometimes lined with acicular quartz, green mica
and grains of cassiterite or some sulphide ore. At contacts
witl., the central vein quartz and the greisen, dark green
or greyish-black mica segregations can be found.

In thin section, the greisen consists mainly of large
clear anhedral crystals of quartz and two varieties of mica.
Chlorite occurs as a secondary mineral in the form of narrow
fingers around the mica crystals. Chlorite can also be
observed in small cracks in quartz and feldspar crystals in
the greisenised granite and along cleavage planes of mica in
the greisen. In some sections of the greisen, iron-rich gels
and small pale yellow patches of chloritic material are found
associated with mica. The feldspars have been initially
eliminated in the greisen, while the green mica and quartz
show partial replacement by late galena and sphalerite. A
modal analysis of the greisenised granite (Table 2.2) shows

a marked increase in quartz, a large decrease in feldspars, a
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Figure 2,5 is a plan of the central quartz of the main lode
containing ore minerals. P1, P2, P3 and P4 are the individual
traverses across the quartz—ore zone. If lines are drawm to
join corresponding zones from P§ to P2 to P3 to P4, then the
thicknesses of the zones can be scen to vary along the
strike of the lode, while in some traverses along the strike,
some of the zoncs disappear,

Scale 1 em = 2.5 m, The scales stated on the map are

invalid due to the reduction of the map.
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large increase in the mica and an increase in fluorite
over the unaltered biotite granite.

The mica of the greisen

The greisen contains two main varieties of mica
with 1ittie flakes of biotite remaining in some sections.
The paler green mica is pleochreic from pale-yellow-grecn
to deep green or brownish green, while the second variety is
pleochroic from colourless to pale brown {Table 2.1),

' Certain sections of the mica are radiating and exhibit

some zoning with weak birefringence. The cores are
usually pale green or pale yellow, while the outer =zone ié
dark or greyish. The absorption is usually X&Y £% with 2V
5etween 500 and h5° and the mica is thought to be an iron
rich member of the octophyllite group (Rowden and Turner,
197%). Some optical properties determined on the greisen
micas arc given (Table.2.1) and the chewpical composition

of a mica from this greisen is counted (Table 2.3), together
with two micas from Cligga Head granite, Cornwall (Hall;
1971). The mica is rich in ferrous oxide, potash, fluorine
and lithia, and is similar in chemical composition to the
protolithionite in the unaltered granite from Cligga Head,
buft the mica from the Cligga Head greisen is muscovite,

It is certain that the Ririwvai greisen has been
formed by the conversion of the feldspars of the original
biotite granite to green mica and secondary quartz as well
as the conversion of the biotite of the original rock.
Furthermore the replacement of mica and quartz by ores of
lead and zine and the introduction of new miverals nawmely
galena, sphalerite, ivon oxides, cassiterite, fluorite,
chalcopyrite and other sulphides producoed the final alterat-

ion product; the pgreisen,



Table 2.3, Chemical analysis of micas.
1 2 3 b

Sio, 37.38 38.50 L2.24 hée,cz
41,0, 11.89 23.70  19.62 29.29
Fe,0, . 4.38 0.68 2,02 R 2.69
FeO 28.65 17.15 | 18.64 k,oz
Mgo . 0.22 2,09 . 0.08 0.16
Ca0 . 0.16  o0.60 0.11 '_ 0.35
Nazol 0.39 : 0,30 0.1k 1,08
K,0 8,78 | 9.39 8.84 10.39
H,0" i.84 1.69 2,33  3.87
Hzo- 0.67 0.00 0.48 0,00
co,, 0,08 n.d. 0.05 n.d.
T40, ©o1.8% 1,85 0.18 0.00
c1 0,09 n.d. 0.02 n.d.
F k.36 3.62 | 5,02 1.29
S 0,03 . n.d. 0.02 n.d.
Mn0O 0.b41 0.59 0.30 0.50
11,0 0.77 1.21 1.90 0.25
Rb,0 n.d, 0.48 n.d. " 0.31

101,94 101.48 102.01 100,22
Less O 1,86 1.52 2,11 054
Total 100,08 99.96 99.90 99.68
1), Biotite {Lepidomelane) from biotite granite, Ririwai.
3). Green mica (ferrophengite) from greisen zone, Ririwaid.

1 and 3 taken from Jacobson et al. {1958) Ppls.

2). Protolithionite from unaltered granite, Cligga Head
granite, Cornwall.

h). Muscovite, from greisen zone Cligga Head granite, Cornwall

2 and 4 taken from Hall, (1971) P225,
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2.2. Geochemistry

The most significant feature of the Nigerian
Younger Granite Province in which Ririwai biotite granite
occurs is that slight differences in the atomic proportions
of Na, X, and Al can produce striking changes in the
mineralogical composition of the rocks (Bowden and Turner;
l97h), with a general tendency for low Ca and Mg contents.
It has been recognised that certain trace elements like
Li, and Rb concentrate in the biotite granite as well as
other rock types, while there is a wmarked depletion in 3r.
and Ba, and a less intense depletion of Sc, Cs and V
relative to average granitic compositions (Bowden and Van
Breemen, 1971; Bowden and Turner, 1974).

Major Element Chemistry

14 samples of the biotite granite were selected
from Core No. L13 up to a depth of 440 m and analysed for
major elements and the results of the analyses are presented
(Trable 2.4). No detailed description of the cores is given
and the cores did not intersect the lode nor any greisen
zones. Two of the cores (L13-411 and L13-L40) however
appeared altered with much of the quartz leached out. The
samples have become more porous with little wvugs, but the
colour of the original granite is still preserved. From
the analyses the following characteristics have been observed:-
1. With the exception of two samples (L13-411 and L13-440),
the silica content of the rocks is relatively constant with a
range of 73.87-76.17 percent SiO2 and a mean of 75.28 percent.
The other two samples show lower values of silica at 68,12

and 69.29 percent respectively.



L13-10 L13-26 L13-115 L13-145 L13-150 L1 L1%-205 L13-256 L13-250 L13-310 L13-315  L13-327 L13-411 L1%-44C
110, 75.23 74 .89 75.96 75.19 75.17 6. 74456 73.87 76.17 74.78 75484 75459 68,12 69.29
40, 0.08 0.10 0.12 0.11 0.11 Oe 0.14 0.16 0.13 0.12 0.11 0.12 0.09 0e11
,Hmom 12.80 12.61 12.83 12.28 12.40 11.49 L 12,44 12,31 12,03 12.83 12.80 12.57 16.13 15,02
Fe,0, 0.42 0.66 0.36 0.37 0.35 0.4 0.38 0.54 0.61 0.60 0.41 0.37 0.51 0.78
"e0 1.15 1.09 1.23 1.47 2.28 1.4 1.67 2.03 1.33 1.15 321 1.28 1.48 1.54
mo 0.04 0.04 0.05 0.06 0.06 0.¢ 0.05 0.06 0.04 0.18 0.05 0.05 0.08 0.08
(=0 0.14 0.09 0.08 0.09 0.03 0.4 0.11 0.17 0.17 0.05 0.10 0.14 0.11 0.13
320 0.49 0.48 0.57 0.46 0.40 0.4 0.77 0.59 0.4% 0.48 0.40 0.34 0.52 0.42
2,0 4.14 4.22 4.42 4.84 4.53 4.¢ 4.15 4.75 4.40 4,28 5.05 4,36 9.95 8443
0 4.62 4.97 4.07 4.66 4.81 4 5.01 4.92 4.46 4.77 3.82 4.53 2,46 o,
2,06 0.05 0.03 0.03 0.04 0.04 0.0 0.06 0.03 0.02 0.05 0.04 0.05 0.06 0.06
mmo+ 0.39 n.d. n.d. n.d. 0.41 0.46 n.d, 0.15 n.d. 0.24 0.17 0.21 0.18
1,0 0.07 n.d. n.d. n.d. 0.17 0.09 n.d. 0.04 n.d. 0.05 0.04 0.03 0.04
e 0.3 0,21 0.22 0,23 Q.21 0.23 . 0.39 0.14 0.26 0.17 0.24 0.26 0.

100,04 99.39 99.94 99.80 100.97 96 00.12 99.8% 100,12 99.55 100.19 99,85 99.96 CER
Less O 0.09 0.03 0.13 0.04 0.17 - 0.15 0.05 0.03 0.05 0.11 0.07 0.41 0.
lotal 99.95 99.%6 99.81 99.76 100.80 28, '99.97 - G9,78 100.09 99,50 100.18 99,78 96,55 98.56 .
Quartz 30.06 28.12 31.34 27.10 26.46 22 126,54 24.83 29.72 28.84 28.55 30.07 7.15 -
Orthoclase 25,53 29.26 22.53 27.43 26.60 20, 29.14 28.80 25.91 26.93 21.20 24.97 13,85 5
Klbvite 36.94 38.29 39.89 39.61 38.61 2o 36.98 38.22 39.35 38476 44.98 39.18 70.06 -
knorthite 1.81 0.80 2,35 - - Dip. 0.52 - - 1.65 0.98 0.94 Dip. 0.38 =
Actinolite - 1.58 - 2446 1.98 3.59 3,27 2.33 - 0.53 - 1.97 -
Ricbeckite = - - 1.94 1.80 o 2.83 0.27 - - - 2,54
Biotite 2.57 0.67 2.62 0.28 2.15 0.39 0.54 073 2.40 1.50 2,92 &
Corundum 0.35 - 0.38 = = - - - 0.03 - 0.17 -
Sphene 0.17 0.21 0.25 0.23 0.25 0.29 0.34 0.27 0.25 0.23 0.25 0.18
lagnetite 0.44 0.70 0.38 - . - ” 0.58 0.63 0.4% .59 _
Apatite 0.10 0.06 0.06 0.08 0.08 0.12 0.06 0.04 0.11 0.08 0.10 0.12

L 13 refers to core number and numbers after L13 refer to depths from which

sannl

Analyst:

S.I. Abaa {1976).

Barth mesonorms calculated by computer.
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2; The alumina content is also relatively constant
ranging from 11,09-12.83 and a wmean of 12.42 per cent.
The exception ugain is in the altered samples, which have
higher A1203 range frowm 15.02-16.13 per cent and a mean of
15,58 per cent. Sample L13-19C has a silica content of
76.10 per cent and 11.09 per cent alumina. This sample and
the other two (L13-411 and L13-440) give an indication
that as the silica content of the biotile granite increases,
the alumina content decreases,
3. ~ The total ivon {FeO and F9203) zlsc increanszes as
alumina increases and silica decreases. But in all the

samples the fecrrous ion is higher than the ferric ion .and

3+

1

the ratio of Fe Lo F92+ ranges from 1:2 to 1l:4,
L, Na20 is relatively constant with a range from
4,07~5.05 per cent except in the altered samples where

there is an increase in Na,0 with a range of 8.43-9,95

2
per cent, There is however, a gecueral tendency for NazO to
increase as the silica coutent decreases.
5. K20 is also relatively constant but there is a

tendency for it to decrease as Na20 increases, and there is
a near proportionate relationship between KZO aud Nazo, andd
the ratio of K20 to Na20 is always aboutr 1l:1l. The
exception heré again is in the two samples (L13-411 and
L13-440) where Na20 is puch higher and the ratio of X,0 to
N320 becomes 3:1. However the general trend is for K20 to
decrease as Na20 and 31203 increase and Si02 decreases.

6. Ca0Q is low in all the samples analysed with a

range of 0,37-0.39 per cent and scems to show no relationship

with neither the other major elements nor the flitorine

conternt,
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7 B Both Mg0O, MnC and P205 are very low with a range
of 0.03-0.18; 0.04-0.09 and 0.02-0.06 pexr cent respectively.
g, Cl is virtually absent in all ihe samples while the
amount of lattice water (H20+) is relatively constant
ranging from 0.15-0.56 pér cent. Fluorine is present in all

the analysed samples with a range from 0.14-0.39 per cent.

Na,,0 + mp K?0

I9. The agpaitic coefficients Emp 2

m.p. A1203

samples rauinge from 0.85-0.92 except in the two altered

of the

samples which have a range of the ratio from 1.13-1.19.

Furthermore the modal wvolume percentages of
Orthoclase-microperthites, albite, biotite and {luorite
(table 2.2) have beecn plotted against silica content instead
of the usual oxide variation diagrams. The results (rFigs.
2.6a-d) show that as the silica content increases;:-

1) the modal volume percentage orthoclase-microperthites also
increases. This increase is negligible if only the
unaltered biotite granites are considered. The tweo
agpaitic samples plot in the low region of the orthoclase-
microperthite while the normal granites plot in the high
region and actually do not show this trend on their own,
2) The modal volume percentage albite decreases. This
decrease is only observed when the agpaitic samples are
considered with the normal biotite granite.

3) the modal wvolume percentage biotite also increases.

4) the modal volume percentage fluorite decrcases.

The meodal volume percentages of these minerals and
quartz were also plotted against the agpaitic coefficients
of the samples (Figs. 2.7a-~e) and the results show that as
the agpaitic ceefficient increases;- |

l, the modal wvolume percentage quartz slightly decrcases.
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2, the modal volume percentage nrthoclasc-ﬁicroperthites
decreases.
3, the modal volume percentage fluorite also increases.
L, the modal volume percentage albite increases.
5, the modal volume percentage biotite decreases.

The results of the analyses compare well with
previously reported analyses of biotite granites from this
granite province (Jacobson et al. 1958; Bowden and Turner,
1974; MacLeod et al., 1971 and Bowden et al. 1971). The
high values of Na,0 in the two samples (L13-411 and L13-440)
may be explained by the effects of albitisation associated
with late hydrothermal action. This has been reflected in
the mineralogy of the samples as well. In thin section
the samples exhibit recrystallisation textures and gquartz
has been leached in them which is also reflected in the
drop in silica as observed in the analyses. Albite has
been introduced in the samples while the original perthites
have been replaced by microcline. The agpaitic cocefficients
of the two samples indicate that they are peralkaline while
the unaltered samples show plumasitic characteristics
(agpaitic ratio 1).

The modal biotite also shows a decrease in the
two samples which have this agpaitic tendency.

This is expected since the more agpaitic rocks of
this province - the albite-riebeckitic-arfvedsonite granites
usually have little or no biotite, The silica, iron and
soda contents of these two samples are similar to the values
found in the peralkaline granites as well as their agpaitic
ratios. Perhaps the results of these samples compared wilh

those of unaltered biotite granite reflect the &ffects of
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late hydrothermal aciion which introduced dispérsed
mineralisation in both the plumasitic and agpaitic granites
as well as albite and micrecline.

Trace element chemistry

b4
Some trace elements were analysed for in this

same samples and the results are presented (Table 2,5).
The distribution of the trace elements is relatively
constant except in the two albitised samples, and the
results from the normal biotite granite compare well with
granites elsewhere, (Aleksiyev, 1970; Butlexr and Smith,
1962; BDBowden and Turner, 1974, Bowder, Butler and Smith,
1962 and Bowden, Whitby and Van Breemen, 1975).

| . Rb concentrated well in the biotite.granite with a
range Trom 585-993 ppm, but this value drops to 15-36 ppm
in the albitised samples. Sr shows a marked depletion and
has a range from 0-5 ppm with a mean {12 samples) of 1,7
ppm. The albitised samples however have a range from 4-8
ppm and a mean (2 samples) of 6 ppm. Y is low in the iwo
albitised samples with a range from 51-56 ppm and a mean
of 53 ppm. In the normal biotite granite Y ranges from
109-1k7 ppm with a mean of 127 ppm. Zr content is similar
in both the albitised and the unaltered granite and the
value is similar even in the greisens {Table 2.6) with an
average value of 286 ppm (17 samples), Cu is low in all
the samples with a range from 0-8 ppm and a mean of & ppm
(14 samples). Li concentrated well in the normal biotite
granite but is depleted in the albitised samples. The Li
content varies from 250 ppm-1482 ppm with a mean of 760 ppm
(12 sawples), but in the albitised grunite the value drops

to 32 ppw. The bchaviour of Zn is similar to that of ILi.
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Table 2.3. Selected trace element analysis of Ririwai samples.
SAMPLYE Rb Sr Y As Li Be Cu Db Zn U __ Th
L13-10 629 0O 127 233 336 7 3 26 185 30 25
L13-26 585 0 109 68 250 7 7 L2 185 nd nd
L13-115 750 L 134 413 1482 5 8 56 828 8g 72
L13-145 831 3 147 284 619 5 4 37 735 nd nd
L13-150 797 2 113 277 473 3 7 105" 396 nd nd
L13-190 825 2 119 331 567 3 7 25 318 nd nd
- L13-205 993 4 144 3k3 '761 7 5 15 398 53 51
R L13-256 960 5 1h6 286 852 5 0 33 621 nd nd
L13-290 727 0 127 279 511 € 6 25 374 nd nd
L13-310 780 0 127 256  48h 6 7 33 368 58 56
L13-315 689 O 129 602 585 7 3 15 | 380 nd nd
L13-327 777 0 124 242 526 5 7 34 367 nd nd
L13-411 | 36 8 51 285 30 6 7 25 164 81 93
L13-440 15 L 56 309 34 5 4 37 26 66 &©

L13-10~=-~1,13-327 normal biotite granite Ririwai
L13~411 and 1L13-440 albitised samples of the same biotite granite
Analysts: s.I. Abaa, R. Batchelor and E. Cox (1%706).
The Zn values rauge from 185—828 ppm in unaltered granite,
but in the albitised samples, it ranges from 26-164 ppm. Be
concentrated similarly in both the albitised and unaltered
samples with a range of 3-7 ppm. Pb is also similarly concenirated
in the albitised and upaltered samples. Only six samples were
analysed for U and Th and both elements tend to increase in the
albitised samples,.

A plot of some of the trace elements against the agpaitic
ratios of the sémples is given here (Figs. 2.8a-f). The most

striking feature of the diagram is that the elements have cleardy
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fallen into two domains. In the first domain, the elements
plot below agpaitic ratio of 1 and paralilel to the elemental
content axis, while in the second domain they plot above
agpaitic ratio of 1.1 and are clustered together between
the ratio 1.1-1.2 close to the agpaitic ratio axis. Mineralog—
ically, the first domain is characterised by high modal biotite
and orthoclase-microperthites and low modal albite while the
second domain is characterised by very low modal bictite, low
orthoclase-microperthites but high modal albite.

This albitization process causing chewmical, mineralogical
and elemental variation in the biotite granite has heen
recognised as being the effect of late hydrothermal fluids
associaied with mineralisation both in the biotite grénites and
the associated peralkaline granites. However the actual
situation may net be so simple as seen from these samples.

The samples of the albitised zone are only two, but their
mineralogy and chemistry which is different from the altered
wall rock of the main lode at Ririwai confirm the view that
there are two stages of alteration and mineralisation in the
biotite granites (Bowden; 1975).

Bowden stated that as the bioctite granites consolidated,
late-magmatic autometamorphic changes'were induced by rising
silicate fluids, converting the norunal biotite granite into
a plumasitic apogranite with columbite, thorite and xenotime.
Perhaps this may be the alteration and mineralisation stage
manifested in the two samples (L13-%411 and L13-440}, The
mineralisation in lodes and veins at Ririwai is therefore
associated with hie (Bowden's) second alteration and mineral-
isation., 1In this second mineralisation stage, lower

temperature post-magmatic metasomatic greisenization by aqgueous
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fluids subseguently introduced cassiterite with sulphides as
subvertical and horizontal veins along cooling joints,
fissures and ring fractures.

2.3. Chemical and mineralogical changes associated with wall-

rock Alteration.

The physical features of wall-rock alteration most
prominent at Ririwai are the colour changes observed in the
reddened granite and darkened greisens, while textural
variation is prominent in the greisens. TIn order to determine
the chemical and mineralogical changes involved in the wall-
rock alteration, samples of the greisen and reddened granite
were studied in thin section, and one sample each of the
reddened granite, greisenised granite and greisen were
analysed for major and some trace elements (Table 2.6).
Similarly, a modal analysis was carried out on the reddened
granite and greisenised granite (Table 2.7). These results
are in turn compared with one sample of unaltered biotite
granite close to the surface (L13-10), In Table 2.6 the
letters X, Y and Z represent the gains or losses in reddened
granite, greisenised granite and greisen respectively.
Similarly in Table 2.7 X and Y represent the gains or losses
in modal minerals in reddened granite and greisenised granite
respectively.

In case of the reddened granite, there is a slight

decrease in the silica content, alumina, titania, ferric iron
and lime, but a marked d€@crease in soda. There is also a
slight increase in ferrous iron maghesia, fluorine, chlorine
and absorbed water but a remarkable increase in potash. All
the trace elements analysed for, namely Sn, Cu, Zn, Pb and Li
show an increase. The marked increase in potash and the

decrease in soda is confirmed by the mineralogical evidence in
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Table 2.6.

N

LYo,

Chemical analvsis of Altered wéll-Rock.

granite and greisen respectively.

Analysts:

S.T. Abaz;

R, Batcholor (1G76}.

RS 1 RS 2 RS 3 X Y 2
$i0, 75.23 7h,92 78.27 80.63 - 0.31 4+ 3.34 &+ 5.40
A1203 12,80 11.35 10.33 6.57 - 145 - 2,47 - 6,23
T10, 0.08 0.07 0.05 0.06 - 0.0l - 0.03 - 0.02
Fe203 0.42 0.41 0.38 0. 54 - 0.0l - 0,04 + 0,12
FeO 1.15 1.8h 4,36 5.14 + 0.19 &+ 3.21 4+ 3.99
Mno 0.04 0.03 0.11 0.15 - 0.01 + 0,07 + 0.11
MeO 0.09 0.12 0.1k 0.10 + 0.03 4+ 0.05 4+ C.OL
ca0 0.h8 0.38 0.12 0.39 - 0.10 - 0,36 - 0,09
Na,0 L,14 - . 0.b4 0.23 trace ~ 3.17 - 3,91 - UL.14
X,0 h,62 9.88 1.46 0.28 + 5.26 - 3,16 - 4,34
P205 .05 trace nil trace - 0,05 - 0,05 « 0,05
F 0.32 0.46 1.48 1.94 + 0.14 ¢+ 1,16 4+ 1,62
cl 0,01 0,02 trace 0.03 + D,01 + 0.01 + 0,02
H20+ 0.39 0.27 0.56 0.69 = 0,12 + 0.17 + 0.30
H20_ 0,07 0.19 0.12 0,04 + 0.12 4+ 0.05 - 0,03
99.89 99.88 97.61 96.53

Less O 0,17 0.21 0,63 0.78

Totals 99,72 99,67 96,98 95.75

'Sn 16 1750 6607 24860 + 1734 + 6591 4+ 2484l
cu 786 L4776 6027 + 783 + 773 &+ 6024
Zn 185 1800 14700 21300 + 1615 +14515 4 21115
Pb 26 2700 16740 144hc0 + 2674 41€71h 4 147374
Zr 2133 310 186 230 + 77 - by - 3
i’ 336 1050 2950 2997 + 714 4 2614 4+ 2661
L13-10 unaltered granite at depth of 10wm.

RS 1 Reddenecd granite, surface

RS 2 Greisenised granite surface.

RS 3 Greisen from blasted lode zone,

. X, ¥ and Z are gains and losses in the reddened granite, greiseniscod
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which the sodic feldspar of the original granite has been
replaced by a non-perthitic peotash feldspar. This is also
confTirmed from the modal analysis, in which there is 100 per cent
decrecase in the modal albite and about 8 per cent increase in the
modal potash feldspar. The iﬁcrease in magnesia, ferrous iron-
fluorine and lithia can be attributed to the development of a
green mica, formation of sericite and chlorite and other alteration
products., The rise in Pb, Cu, 8n, and Zua has been accounted for
by the presence of galena, sphalerite and sometines cassiterite.
In thin section, it is common to observe grains of sphalerite and
cassiterite in the reddened granite,

Greisenised Granite.

The greisenised granite shows a marked increase in ferrous,
silica and fluorine but smaller increases in malnganese, magnesia,
chlorine and absorbed water. Small decreases are observed in

titania and ferriec iron, while remarkable decreases occur in

Table 2.7. Modal analvsis of altered wall-rock.

.L13-10 RS 1 RS 2 X Y

Quartz | 35.5 31.0 k2,6 - 4.5 + 7.1
- Orthoclase- L

perthite 54,7 62.9 14,9 + 8.2 -39,9
Albite 4,9 trace - - 4,9 - 4,9
Mica 2.3 3.8 16.5 + 1.5 +1h4,1
Fe oxides 0.1 L.3 0.8 + h.2 + 0.7
Fluorite C.2 0.k 1.6 + 0,2 + 1.b

L13-10; Unaltered biotite granite (from Table 2.6)

RSl; Reddened granite

Rsz; Greisenised graunite.

X3 Gains and losses in reddened granite,

T; Gains and losses in greisenised granite,

alumina, potash soda and lime. Furthermore the trace elements
Cu, Pb, zZn, Sn, and Li show remarkable increases. The increases

in {luorine, lithia and magnesia and iron are due to the extensive
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development of micas which is further indicated by large increase
of' 14 per cent in modal mica. The decrease in ferric iron is due
to the elimination of much of the haematite developed earlier.

The impoverishment in soda, potash and lime are all due to the
replacement of thez original feldspars by quartz, mica and some ores.
The increase in silica has been reflected in the increase in modal
quartz. Similar increases have becen observed in the modal
percentage of fluorite. Fluorine increase in the greisen can
therefore be attributed partly to the formation of fluorite as
well as micas. The large incrcases in Sn, Cu, Zn and Pb have been
accounted for by the occurrence of massive ores as cassiterite,
sphalerite, galena and chalcopyrite.

Greiscn In the greisen remarkable increases occur in silica,
ferrous and ferric iron, fluorine, lattice water and manganese.
Large decreases oécur in alumina, soda and potash, The large
increase in silica is due to the formation of quartz while
fluorine is accounted for by fluorite and mica. Lithia is
'qccounted for by mica while manganese is mainly accounted fof by
the introduction of welfram in the small ore bearing veinletbs in
the greisen. The increases in total iron {FeO and Fezoj) can be
accounted for by the iron rich micas, and by the formation of soume
pyrite and chalcopyrite. Most of these minerals partly forwed at
the expense of the feldspars of the original granite which have
been eliminated in the greisen, thus the large decreases in the
soda, potash and alumina content. The increascs in Sn, Cu, Zn
and Pb are due to the development of cassiterite, chalcopyrite,
sphalerite and galena.

The potash ce¢anrichment of the reddened granite zone may
have come fron the potash released Trom the greisen zone as well

as sowme potash introduced by ore fluids, The consistent association
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off the greisen and reddened granite zone indicatcé that the
potash was transferred from the greisen zone into the adjacent
part altered granite and this potash enrichment of the reddencd
granite zone must have taken place contemporaneously with the
greisenisation of the adjacent zone. The greisenised granite
in which some reddened potash feldspar still cccurs possibly
represents a progressive transition and greisenisation advance
into the surrounding wall-rock, Howvever there is a clear
distinction of the two zones, except for occcasional smears and
clots of green mica in the reddened granite. The wall-rock
alteration can be ascribed to two main distinctive alteration
Processes; greisenisation of the original granite resulting in
the formation of a mica-quartz rock and haematization of the
original granite (Wilson; 1972) producing the reddened granite,
also associated with disseminated ore minerals. Other observed
processes include kaolinization, chloritisation, séricitization
and silicification.

The analyses (Table 2.6 and 2.7} have shown that the
alteration of the biotite granite at Ririwai involved an increase
in silica, lithia, fluorine, ferrous iron, pb, Cu, Zn, Sn lime
and magnesia while potash initially increased but decreased
together with soda in the final product of the alteration,
Changes in some of the other elements are very small and could
not be very significant. Perhaps the most important chemical
process of the wall-rock alteration here is hydrogen metasonatisn,
in which hydrogen ions are added to the rock and the base metal
cations are released, Some of the chemical reactions thought
to have taken place are those of simple hydrogen metasomatism of
the silicates and are presented here (Hewmley and Jones, 1964;
Meyer and Hemley, 1967; Park and McDiarmid; 1970).

Here only very simplified forms of the equntions are
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presented and lithium mica has been substitutcd in one of
the equations since micas are abundant in the altered rocks
as compared to chlorite and sericite. Some of the reactions
may have taken place simultaneously and over a period of time.
(1) Replacement or conversion of plagioclase.

Plagioclase 4+ 2HY &+ KV —-eeo Sericite + Na't 4 Ca2+ +

3 810, (quartz?).
(2) Kaolinisation of plagioclase,

plagivclase + 4HY 4 2H,0 ---~ kaolinite + 4 $i0, +

2 Nat + 2 ca®*t

(3) Replacement of K-~feldspar by chlorite and quart=z.

Orthoclase + 4kg¥ 4+ 2H,0 —----- chlorite + 2K' +

| | 65i0, (quartz).
(4) Replacement of XK-feldspar by mica and quartz

Orthoclase + A4HY 4+ 2H,0 ———-- ?Li-mica + 2K¥ 4+ 6 5i0,.
(5) Replacement of biotité by Li-mica.

Biotite 4+ 4u* oo ?Li-mica + (Mg Fe)2+ + 2k% & 35102.

In eguations 1 and 2, the releaéed Nat may have gone
into the latticeé of other minerals, while Ca2+ may have con-
tributed to the formation of fluorite. 1In equation 5 the Mg
and Fe may all have been used up in the formation of micas
while some of the Fe may have been used up in the formation of
wolfram with manganese as well as other minerals like pyrite
and chalcopyrite. The released 8102 may have remained either
as quartz or as silica combined with the micas., The released

k*

may have been taken up by the micas as well since an
analysis of a mica from the greisen shows 8.84 per cent KZO

{(rable 2.3},
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2.4, Mineralisation

Several ore minerals are concentrated in the main
lode, veins, disseminated in the altered wall-rock and are
present in the alluvials, The distribution of the ores
along the lode is however irregular both along the strike
and at depth. Drill cores studied have not given much
information about the attitude of the lode and ores at depth.
However other drill cores show that the lode continues down-
wards to depths of more than 500 m and the ores are still
randomly distributed at depth. In the eastern section of
the lodc, cassiterite is more abundant, followed by
-sphalerite and some wolfram. In the western end of the lode,
fhe predouwinating ores are galena, sphalerite and chalco-
_pyrite, while wolfram is found in the adjacent vein system,
where Haag (1943) stated that the ratioc of wolfram to
cassiterite is about 4:1, However the mineralisation is
associated with the following ores minerals:- Copper
pyrites,.iron sulphides, galena, columbite, zinc blende,
wolfram, cassiterite, molybdenite, and replacement minerals
of the above ores,

Cassiterite

Cassiterite veins are geneticaliy related to the
biotite granite. Besides occurring in the main lode, it also
occurs in the numerous smaller veins which are spread through
the bjiotite granite.

Some short veins containiné cassiterite extend into
the.rhyolites on the eastern edge of the biotite granite,
but do not contain significant economic oves. The cassiteritc
occurs as coarse and fine disseminations in the greisenised
granite and greiscns. The distribution of cassiterite in the

quartz veins is irregular, usually with zones of rich ore
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separated by massive barren quartz, In the greisens, fine
well twinned euhedral crystals can be observed particularly
in the small vugs containing some clay-like mineral (? adu-
laria), The cassiterite is either black, reddish or yellou-
ish to grey, In thin section, the greisen cassiterite wvaries
from brownish te reddish and yellowish with individual masses
showing =zonal growth of varying colours. The cassiterite
is pleochroeoic from pale yvellow to deep red and doeé not
usually go into complete extinction. The pleochroism may.be
due to the presence of tantalum and niobium., It has been
shown that the Ririwai cassiterite is magnetic and can be
demagnetised by heat treatment (MacLeod and Jones; 1955).

Wolfram‘ | ‘

Wolfram is found only in the veins closely associaled

‘with bands ¢f coarsely crystalline gquartz (Haag; 1943) and
sometimes pseudomorphs of limonite after wolfram, and solution
cavities filled with powderly tungstite can be observed in
weathered veins. The wolfram is found associated with contb-
like structures in guartz, and the crystals are usually brown
or black, It may be found associated with secondary feld-
spars (? adularia) in cavities, probably deposited from hot
'fluids.

Colunbite Columbite is found disseminated in the bioctite

granite and can be obtained from the decomposed rock. It is
possible that columbite could be in the altered wall-rock as
Wello

Galena and Svhalerite are abundant in the vein quartsz

particularly in the central quartz of the main lode. They
form massive ores and occcur irregularly, usually interrupted
by large zonecs of barren guartz. (Gther sulphide ores

prescntb, boih in the wain lode and the adjacent veins include
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pyriite and chalcopyrite. The sulphides may be observed aé
impregnations in the greisens, At the western end of the
lode, it is conmon to observe some azurite and malachite in
the lode rubble. The twe minerals may be secondary due to
hydration and chalcopyrite could alter to malachite.

Alluvial deposits

In the past, the greater part of tin wmining at
Ririwai has been in the alluvials, But presently, the Gold
and Base mining company is drilling in 1he hard rock and it
is hoped that production may soon start, Much tin had been
won from shallow alluvial deposits overlying the biotite
granite, and along the streams and gullies that drain the
central biotite granite._ Rich alluvial deposits have been
obtained up to 20 m depth of the central bictite granite
overburden, while shallow alluvials for several kilometres
downstream have yielded economic tin deposits. Cassiterite
occurs in this area in form of alluvials, gravels and as
detritals (Thomas et al; 1922). The alluvial cassiterite
is usvally black with occasional pale yellow varieties. The
Nigerian tinstone has been described as black to ruby or pale
yellow, and assays of about 75 per cent metallic tin are
common (ralconer; 1922), The cassiterite crystals are
usually euhedral, and different localitics may exhibit
different forms of cassiterite. Cassiterite associated with
pegmatites from Ilorin province has rounded edges while some
crystals exhibit distinct mould impressions {Whitehead; 1972).
At Ririwai, cassiterite may also be found as eluvial deposits
in form of coarse crystalline tinstone along the weathered |

cassiterite bearing veins,

Columbite is only in the alluvials and may be more abundant

than cassiterite in some localities. Wolfram has been found
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only in lodes and to a smaller extent as eluvial deposits.
It has been explained that wolfram rapidly decomposes and

disintegrates once it has been released from the lode and

veins (Haag; 1943),

Thorite jMonazite and Zircon (as malacon)

Both thorite, monazite and malacon are found in the

aliluvials and are belie#ed to have been concentirated as a
-result of deconposition of the biotifte granite. lJHowever their
econowic extent has not been well investigated. !

- Alluvial depesits have been laorgely worked out but - }
the prospects for hard rock mining are great as the Gold aud |

Base Mining Company is developing a mine. It is hoped that
large production of not only cassiteritc but also galena,

sphalerite and possibly chalcopyrite may be feasible,
. . !

Origin ol the Ore mineralisation -

Mineralisation in the Ririwai comnlex is restrictced

in the biotite granite with minor extensions inte the

surrounding rhyelites. However some form of mineralisation

occurs in the albite-riebeckitic-arfvedsonite granite mainly

witli pyrochlore, JMineralisation is associated with pegmatitic

knots and patches, but such form of mineralisation is minor

and usually exhibited only at contact margins of the assoclated

rocks. Such mincralisation is irregular with subspherical

clots and may occur as typical drusy caviilies, with the i

contained crystals growing from the walls of the cavity to-

wards the centre, Elsewhere in this province, such gccurrcace

of mineralisation has been reported (Raeuburn, Bain and Russ;

1927). In some places the knots may have no central cavity,

but may consist of an aggregate of coarse crystials cof quarlz

and feldspar with or without wolframw. The mincralisation in

the biotite granite is believed Lo have been in itwo slages;
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dispersed mineralisation and post granite mineralisation
vhich occurs as lodes veins and stringers.

The generation of an ore Heposit requires several
favourable cowmbinations of circumsiances. The metals of the
ores must have an origin and the source rocks supply the
metals of such ores, which under adequate physical and
chemical conditions may concentrate in a {fluid phase. The
fluid may then migrate to another enviromment where sone
other physical and chemical conditidns may be appropriate for
totai or selective deposition. In some cases only physical
or éhemical changes may be reguired for such deposition, or
even only interaction with meteoric water. In other environ-
meitts, a necessary constituent such as sulphides may be
required from anoiher fluid or by inorganic o1 bacterial
reduction of sulphates {White; 1974). Perhaps the most
important factors controlling metal transport and depeosition
include temberature pressure and other chemical characteristics
such as salinity, pH of fluids and fugacities of oxygen and
Icarbon—dioxide. Other factors are also important, such as
fhe proportions of metal ions and sulphide species {Rye and
Ohmoto; 1974). After the metals have concentrated in the
fluids, which may either be of magmatic origin or meteoric
and connate water, then migration would start provided there
are channelways, or the containing rocks provide the reguired
porosity. The migrating fluids may require some driving force,
and in hydrothermal systems such as Ririwai, magmatic heat
may be the energy essential for t@is. In case of fluids
escaping froem sediments, localised heating may result in
thermal expansioﬁ of pore liquid, premoting convection and

deep circulation of meteoric water, while in sediments under-

-
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going compaction with fluids escaping during‘progressive
me tamorphism, gravilty may be the dominant factor (Helgesoﬁ,
1968; White; 1968).

Fluids of hydrothermal deposits

The constituents of fluids of hydrothermal deposits
obviously include magmatic water and the associated anions and
cations may alsc be of magmatic origin, or may be picked up
at various stages of migration. The dions in the Tiuids may
include ¢1°, Br , F , g% H,* 0%~ and N°F (Berth et al. 1973;

Robinson; 1974). Other ions include Sih+, o mzt, nNat, xt,
Ca2+, Fez+ and F83+ (vhite and Waring; 1963, Krauskopf;
1967). Some metal ions such as Pb2+, Cu2+, Zn2+, th+ and
Moh+ may also be present depending on the environment-(Doe
and Stacey, 1974; Heyl et al. 1974). Such may be the
composition of a hvdrothermal f{iluid,. As the fluid migrates,

chemical reactions between the component phases as well as

with the wall~rock take place., Changes in pressure, temper-
ature, distribution coefficients, acid/base strengths, gas
fugacities, pH of fluids and even changes in the oxidation

states of the ions may cause depositicn along the migration paths
If such depositions are large then ore bodies are forumed.

At Ririwai, the tin and sulphide lode and veins are
intimately associated with the biotite granite and is due to
post-granite alteration, hydrothermal and pneumatolytic actions.
Columbite was deposited at an earlier stage during the
consolidation of the biotite granite. Cassiferite, wolfram
and sulphides were deposited in fissures as the biotite
granite was cooling.

Ore fluids had concentrated in the residual aqueous

fluids at deeper levels and after the lode fractures were
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formed, the ore fluids at depth were released.. The fluids
released then ascended the fissures and deposited ores as
well as causing inténse alteration of the wall-rocks. ASs can
be seen from the mineralogy of the lode, veins, greisens and
reddened granite, the ore fluids may have contained iron,
fluorine, tin, chlorine, lithium, oxygen, carbondioxide,
sulphur, water, lecad, =zinc and copuper. OQther contents of

24

the ore fluids were Mn-t, Na¥, k¥, Me®*, SilH', Pt Mot
wuf’ Ca2+ A13+ 24 3+

Fe Fe and possibly A52+. It is possible
that greisenisation at deptlhh also released potash to further
concentrate the ascending fluids. The fluids, as they rose

deposited scuie of their contents as quartz and wolfram. If

sulphur had not been in the original fluids, then cations

like Cu2+ an+

and Pb2+ in the {fluids would react with sulphur
from the surrounding cocling granite, thus precipitating their
sulphide ores. lowever a2t Ririwai sulphide reactions must
have been between metal ions and sulphur of the fluids since
the host granite contains 1little or no sulphur.

As the mineralisation at Ririwai is of the cassiterite-
wolfram-quartz type, the fluids may have beén very rich in x*
and highly concentrated with 002, P20, W, Cu, Zn, Mn, Pb and
possibly fluorine (Barabanov; 1965). The fluids were
injitially neutral or weak alkaline and their high potash content
must have been relcased to the wall-roc¢cks as can be seen in
the reddened granite, where all the soda has been leached
and there is a large increase in potash. Cassiterite may
have been in the fluids either in forw of alkali—stannaté
(Simmons, 1930a; 1932b) or as alkali-thio-stannate (Smith;
1947). oOn the other hand, Llhe increase of fluorine in the

greiscens over ithe originali granite indicates that cassitferite
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may have been transporfed in thé form of hydrbxofluor-
stannate complex of tin of the é§an(OH)6_x7 type (Barsukov,
Kuriltchikova; 1566). Barsukov and Kuril'chikova (1966)
found by determination of fluorine content in the gas-liquid
inclusions in wvein quarﬁz from sulphide~cassiterite deposits
that the hydrothermal solutidns represented by these
inclusions contained more than enough fluorine to transport
tin., They concluded that hydrothermal solutions, both of the
quartz~cassiterite and sulphide cassiterite deposits transport
tin in form of hydroxc-fluo~stannate complexes. However it
is the writer's opiniocen that both complexes of alkali-
stannate and hydroxo-fluo-stannate were responsible for
transport of tin at Ririwai.

If cassiterite here was transporied in the fiuids in
this form, then il would have been deposited as the silica
content of the fluid increased and the fluvid became more
acidic., This deposition would have been aided by a temper-
ature gradient, and as fluids migrated in alkaline solutions
#s hydrated complexes, deposition and crystallisation was the
result of decomposition or hydrolysis of the stablé alkali
forms in increasing silica acid conditions of the fluids
(Ganeyev; 19?3). The doposifion of cassiterite took
place at the same time as the ores of Cu, Zn, b, Mo
wolfram and quartz at the centre of the veins fissures. The
presecnce of galena and sphaleriie in the greisens may be due to
migration as well as replacenient processes (Park and Mchiarmid;
1970) and this may be the ¢ause of the swellings of the greisens
in some places. The formation of pale green mica and a
whitish clay-like feldspar (7adularia} in the greisens could be
from the amounts of potash, lithia, ferrous and ferric iron

and fluorine carried in the pneumatolytic phase, or from the



53.

largér amounts carried in solutioné'that depoéitéd the
qﬁartz veins, tin, tungsten, lead, zinc, copper and other
ores., |

The fissures in the biofite granite were open and Qere
filling with quartz and ores since zones of quartz and ore
occur in some veins surrouﬁding a more centrally formed
quartz with crystals growing inwards from the initially
formed vein material, The initial pneumatolytic phase that
ascended started pgreisenisation before deposition commenced
by hydrothermal fluids. It has been suggested that in post-
magmatic ore fermation, hyvdrothernal and pneumatolytic phases
coexist in time and space {Ovchinnikov; 1965). At Ririwai, in
the early puneumatolytic stapge the ore fluids were probably
rich in fluorine, but at a later stage, the fissures were
filled with siliceous solutions from which the wvein quarﬁz:was
deposiied. It was at the early stage that fluorine was
deposited in the greisens along with the early fluids that
started the wall-rock alteration. This pneumatolytic stage
was associaled with and closely followed by the rise of
siliceous liguids and water solutions {Smith, 1954; Ganeyev;
1974} with dissolved salts from which the lode and veins
were formed,

The telescoping of the ores is either due to the
overlapping of deposits from two or more magmatic centres,
or by repeated periods of minerxralisation (Park and McPiarmid;
1970). o

Tele$¢Oping is said to be restricted largely to
deposits formed under shallow conditions where changes in
temperature and pressure are rapid. Where condistions chahoe

gradually, as in the high-temperature high-pressure deposiis,
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zoning is generally present and is expressed at least by
vafiation in fineness, for example, of gold (Pryor; 1923),.
~or in the awmountit of minor constitucnts. This shows that
mineralisation at Ririwai may have taken place under shallow
conditions and the deposition of ores occurred at relatively
low temperatures since the ores exhibit no zoning and some of
the veins occur with little or no wall-rock alteration.
However it has been suggested that most hydrothermal tin
deposition occurs in the temperature range 300-50000 (Little;
1960) while Hesp and Rigby (1971) stated that the transpori of
tin 5y hydrothermal solutions at low tenperatures lower than
BOOOC as sodium stannate is possibie. It seems likely that
deposition at Ririwai may have occurred between 300-60000
owing to the shallow depth of deposgition,

Pegmatiltes are absent, except for a few knots and
streaks in the marginal facies of the Ririwai mineralised
granite. This may be due to thé difference in temperature
between the consoclidating granite, the ore fluids and the
country rocks. This would produce a semi-chilled effect,
giving rise to the pegmatitic knots and patches at the margins
of the granite. Ore fluids did not escape from the residual
.concentrates until the lode and vein fissures had formed,

The confining pressures were then released (?suddenly) after
thelfracturing of the granite massil, and this led to boiling
off of the ore fluids. The release of gas was followed by
solutions rich in silica and water (Smith; 1954) which
eventually filled the lcde channels.

The biotite granites of Nigerian tin fiéld have two
related periods of primary mineralisatien. A prejoint auto-
metamorphic mineralisation in which Nb, Th, Be, Zr and Hf were

dispersed during the consolidation of the biotite granites.
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The sccond peried was a post-joint replacement mineral-
isation in which Zn, Sn, Pk, Cu, Mo, and Bi were introduced
into crystelline host rocks along cooling joinls, fissurces
and ring fractures (Bowden and Jonee; 19?5). Poth related
periods of mineralisation cccur in the biotite granite at
Rariwai as shown by this study. Bowden and Jones coacluded
that such procésseé must be related to the end stéges of
magmatic crystallisation and the development of residusal
fluids, 1In this study the occurrence of columbite, thorite,
monazite and malacon as dispersed minerals has been found
and cassiterite, sulphides and other ores correspond well
as introduced inteo the crystalline biotite granite, along
cooling joints, fissures and ring fractures, at a later

stage than the disperscd form.
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CHAPTIER 3

GINDIT AXWATI

General BDescription

The Gindi Akwati lode is a small zone of mineral-
isation in Basement Qlder Granite close to the contacts
between the older granite and a granite porphyry dyke. The
area mapped for this study is located as a. point on Longitude
805O'E and lLatitude 9027'N. The area trends approximately N-S
and is about 100 m wide and 800 m long (Fig. 3.1).

The area occurs in the Rop Complex, in the central
region oi the Jos Flateau where the Younger Granitces occupy
an area of about 2506 km2. The Rop Complex generally contains
a series of dyke rocks and a central prominent Younger Granite
massif. Although the llop Conplex encloses a large area of
Basement roclis, the Younger Granite rock types found in other
ring complexes of this province are also found here, Both.
volcanic and plutonic cycles of ﬁagmatism form the complex:
Rhyolites, explosion breccias and quartz porphyries are the
volcanic group of rocks.

The granitic cycle, initiated by granite pérphyries
was Tollowed by a succession of biotite and riebeckitice-
arfvedsonite-granites, the cycle being concluded by late
granite porphyries and a swarm of late dolerite dykes. Otﬁer
prominent massifs are the flder Basalts mainly decomposed to
clay material but still foruwing high flat topped hiils.

These TFluvio-Volcanics are usually capped with laterite, while
sands and gravels oceunr bencath the decomposed basalts.

The Gindi Akwati lode occurs on the western edge of
tﬁe Rop Complex (Fig. 3.2). The rock types in the vicinity are,

a granite porphyry dyke., swarms of narrow late dolerite dykes,
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PMgure 3,1 is the geological map of the Gindi MNarati
mineralised zone. 'The greisen and mylonitised zones are

the main orc bearing zoncs. The first part of the map is the
northerm portion of the area, and the lower portion is on the
second map on vhich the explanation is given.
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Older Granite within which the mineralisation occurs in the
form of greisen zones with feldspathic veins, and thin short
zones of mylonitised rocks. The contacts are diffuse, except
those of the granite porphyry and the Older Granite which nay
be sharp and regular (Fig. 3.1).

The Basement 0Older Granite

The Older Granite occupies about half of the mapped
strip. In the Rop Complex, the Older Granites have been
found Lo be generally of granodioritic composition and
contain variable amounts of remnant streaks, schlieren and
larger relic bodies of original gneisses enclosing scattered
basic iuclgsions in sowe places (MacLeod et. al., 1971). The
Older Granite in the mapped strip is mostly of gneissic
texture with well defined foliation, biotite displayving
remnants of less foliated zZones. The foliation trends nearly
N-8 to NEOOE, and close to the contact with the granite
porphyry, the rock has been mylonitised, displaying a
brownish colour. Black zones due to greisenization are all
restricted to the Older Granite which is weathered and, even
at depth, it is difficult to obtain fresh samples from the
available cores. The 0Older Granite tends to become coarser
grained at depth and one sample shows a near porphyroblastic
texture, The rock has been fractured and mylonitised, and
contains shear surfaces with variable degrees of greisenisation
and differing amounts of quartz and feldspar veining. In many
places, small amounts of ore minerals can he observed in the
hand specimen even in relatively unaltered 0Older Granite,
althoughin insignilicant amountis. The main minerals are

feldspars, quartz and biotite with varying grain sizes.
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Baddocks

The Older Granite has been worked in many places by
the local people looking for tin. The most commonly worked
zones are either along veins in the black greisens or along
shear zones where the 0Older Granite has been mylonitised.
In some zones, the workings have exposed narrow dolerite
dykes both in the Qlder Granite and just at thé contacts
of the 0Older Granite with the granite porphyry. However the
workings are not very deep since the greisen zones are not
always continuous and in many cases only small amounts of
tin can be fcund.

The Granite Pornhyry.

The Granite Torphyry is part of the carly Sho-granite-
porphyry which is believed to have initiated the granitic
cycle of the Rop Complex. This Sho-granite-porphyry ring
dvke can be traced for about 19 km round the western perimeter
of the Rop complex (Fig. 3.2). The rock has a variable
texture and composition. In places, the granite-porphyry
displays phenocrysts of feldspars and quartz which may be up
to 1.5 cm and 3 mm respectively. 'Elééwh;re, the rock attains
granitic textures with large idiomorphic feldspars about 2 cm
in diameter, while elsewvhere along the dyke, the porphyry
may contain ovoid, embayed feldspars, sometimes reaching

lengths of more than 4 cm (MacLeod et al., 1971).

In the mapped strip, the granite porphyry trends
approximately N-S but in the northern portion of the area it
trends about BHOO. The contacts with the Older Granite are
well defined and on the west of the dyke, the rock has a
sharp contact with a vertical attitude., 7The contacts are

characterised by a thin mylenitic zone usually associatled
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with a late dolerite dyke., Jointing is very pronounced
with a dominant N-S orientation and a minor NV-SE trend.
An average of 20 measurements on the major joint diréctions
gave a value of 016°, It has been suggested that the
Jointing resulted from an east-west tensional field opcrating
during emplacement of the Younger Granites (%eir; 1974},
Some zones where small veins are associated with joint planes
in the granite porphyry have also been worked for tin.
Faulting

No faults were observed in the mapped strip, however,
close to this area, a major east-west fault has affected the
granite porphyry. It is a dextral strike-slip fault, displaced
about 130 m, with a small throw, Dixey (19h5) hés describad
several other similar féults in this arca of the Rop Complex,

Greisons ’

The greisens occur in the Qlder Granite as émall,
di.scontinuous zones with transitional diffuse contacts into
the 0lder Qranite. The greisens are gencrzally massive, fine
grained and dark greenish blacik, although sowe pale brownish
zones containing visible ore, particularly chalcopyrite are
abundant and may theniselves be greisens in shear planes. The
greisens include a black, very fine grained, finely foliated
variety, and a lighter coloured type with irregular schistosity.
At depth, some of the greisens as well as greisenised (Older
Granite are intensely fractured, The greisens are often cut
by numerous tiny pink feldspathic veins. Quartz veins and
micaceous veins and konots may also be present, but these tend
to be more fréquent in the fractured greiscnised (Oider Granite.
Such quartz-mica veinletls are scumetimes found in the granite

norphyry, and wheve they occur, the rock is darkened for about
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5 mm on both sideé of thé veins, These small dark zones

in the granite porphyry uwny be a small scale greisenisation.
The greisen zones are vertical and trend approximately 020°
with the countained feldspathic veins also vertical and trend-
ing similarly. The greisens are variable in their visible
ore mineral content and the pink feldspathic ve;ns sopmetimes
also carry visible ore. The diflerent greisens frowm
different horizons are shown in a core diagram {Fig. 3.3)

together with zones of other rock types encountered in the
drili cores., | |

Veins
Veinlets of quartz and dark micaceous material occur

in the 0Older Granite. Most of the micaceous veinlets how=
ever predominate along the unarrow shear planes. TIn the
greisens quartz veins and foidspathic veihs can be observed
with the feldspathiec vedns predominating. ‘The greisen veins are
vertical, usually less than 2 cm wide and discontinuous.
The veins predominantly trend’02l° altheugh a few may trend
about 3&00. Both quartz and Teldspar veins contain visible

ore as observed in the field.

Basic dykes.

A great nuwmber of dolerite dykes cut the founger
Granites and adjoining areas of the basemeni complex in the
south western part of the Rop Complex and Black (1971) has
sugrested that some of them may be connected with the
extensive Tertiary velcanism which occurryred in this area,
while some are related to the Younger Granite cycle. About
3 km so.uth of Gindil Akwati, one of such dykes is in the fourm
of a plug.with é diameter of abeout 150 m and is continuous

with the Sho ring dyke. HMost of the dykes are multiule
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Pigure 3.3 is a diagram showing the vertical sections of
the two drill cores ot Gindi Morati, The diagram has be
constructed bascd on the logging of the cores. Vertical

scale as shown on the diagram,
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FIG. 3.3
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intrusions with walls of the fine-grained dolerite and cores
of the coarser porphyritic type (Black; 1971).

In the mapped strip, a swarm of the dolerite dykes
has penetrated both the granite porphyvry and the Qlder
Granite. The dykes are parallel, trending approximately
020° and are narrow, ranging in width from about 2 ecm to
1 m (Fig. 3.3). On the surface, the dykes arc highly
weathered, and usually occur in contact with sheared zones
of the Older Granite. The doleriites are very fine grained.
The fresh samples at depth are dark bluish green and are
impregnated with spols and dots of pyrite which is believed
to be primary in the dolerites. VWhere contacts between the
dolerite dykes and the (Older Granite at depth are observed,
the dolerites show definite chill zones usually about 5 mm
wide. 1In such zones, the matrix is usually darker with
visible colour changes in.the riinute feldspar crystals.

Both feldspar and quartz Veihs are absent, but a few calcite
veins associated with chlorite arec present (Plate 4), The
fresh samples of the rocks show neiﬁher deformation nor
secondary mineralisation. The dolerite dykes are vertical
and must be of late intrusion related to the Younger Granite
ceycle of magmatism.

Sequence of Bvents in the area

From field evidence as well as from peirographic
evidence it can be deduced thati the Older Granite is the
oldest rock type in the area. During the emplacement of the
granite porphyry the ¢lder Granite was sheared and the
mylonitised zones resuliled. This shearing provided the
essential ncar vertical channelwavs for hydrotherual flulcs

causing greisenisation. ‘he guartz and feldspar veins were



62.

then formed in the greisens, and finally the dolerite dykes
were emplaced along some fractures. The order of events in
the area is summarised below:-

Older Granite.

Granite porphyry emplacement.

Mylonitisation

Faulting

Greisenisation

emplacement of dolerite dykes,

3.1. Mineralopy and Petrology

The thin section study of the rocks in this area was
restricted to cores at depth in case of Lhe dolerite dykes,
greisens and QOlder Granite since they were relatively fresher
at depth, The cores did not intersect the Granite porphyry
and as such no fresh samples could be obtained, so two samples
from the surface have been described.

The Basement Older Granite

The Older Granite is medium to fine grained and
extensively weathered. The rock is generally whitish with
pink feldspathic veins while streaks of biotite occur giving
it a relative dark colour.

In thin section, the rock has a even grained texture
and is composed mainly of qguartz, plagioclase, microcline and
biotite. In some sections, a paler mica, probably muscovite is
an accessory constituent. Accessory minerals vary from section

to section bul include apatite, sphene and z=ircon. The

biotite has also been chloritised. Quartz occurs as clear,
anhedral granular crystals or aggregates. Some of the quartz
crystals form part of the rock matrix with feldspar and mica

while a few of the grains have been enclosed by microcline

crystals. JTrregular recrystallised crystals of quartz also



63,
occur, while rounded small crystals may occur és‘inclusions
in feldspars, The proportion of guartz in the rock is similar
to that of microciine while plagioclase is the dominant feld-
spar with compositions of albite-oligoclase (extinction
angles between O~i50). Both lamellae and Carlsbad twins are
present, but the lamellae twins are thin and short with cloudy
alteration. The microcline may be perthitic and the feldspars
form about 67 per cent or mere by volume of the rock.
Biotite is the most abundant mica associated with occasjional
mascovite. The biotite forms subhedral to anhedral plates
and aggregates. Shred-like aggregates also form lines round
larger feldspar crystals or occur by themselves in lines like
veins, A few grains of zircon and sphene have béén observed
in the mica aggregates in some sections,

The majority of the Qlder Granite secitions show
cataclasis and in such sectieons mica predominates, with the
overall composition approaching that of the greisens, The
1argé grains of feldspars and quaritz have been broken down and
fractured. Some of the feldspar c¢rystals that survived the
breakdown show strained effect with the twin lamellae well
bent and the whole crystal may be bent similarly. Several
rounded small grains of quartz and feldspar form dark-
greyish matrix and sometimes these grains foerm discontinucus
veinlets., The fractured crystals of feldspars and quartz
contain inclusions of mica, topaz and mosil frequently fluorite,
while veinlets may all be composed of secondary minerals.

The biotite of the rock has been broken down and forms shredded
agegregates which form discontinuous bands and winding lines
surrounding streaky matrices of feldspars and quartz. Sowe cof
the mica may be muscovite, while chlorite may alﬂb be preseont.
Fluorite has developed extensively in this fovm of the Older

~Granite where it occurs as individual masses associatad with
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mica, as well as inclusions in quartz and Feidspar crystals,
Sometimes sphalerite vccurs associated with the mica and lying
side by side with fluorite, Fine grains of the sphalefite,
usually between 0,05~0.15 mn, may be found scattered all over
the rock. In some cases one or two grains of cassiterite may
also be prescnt. Other minerals that may bé feound include
topaz which is not abundant but contains so many inclusions
that the crysitals exhibit a perforated appearance., Qxides arve
found associated with the biotite flakes as clots, ;rains,.
streaks and brown gels.

Another form of the Older Granite is the highly sheared
to near wmylonitic variety. This is usually ffine grained
with more biotite than ary other wmineral., All the mica occurs
as finy flakes, usually along veinlets or lines and streaks,
giving the rock a flow texture. Any feldspars that reinain
in this case occur only in the groundmass togethier with any
quartz that may have remained from the original rock. The
quartz here is mainly secondary recrystallised clear variety
and occurs as short veinlets. The highly sheared rock has
undergone some recrystallisation and is occasionally more
mineralised than the greisens, ﬁarticularly with sphalerite
and chalcopyrite. Small fluorite and potash feldspar veins
may be present but these too are usually discontinuous. Other
veins composed mainly of secondary quartz are present and may
be punictuated by zones of fluorite. Topaz may be abundant in
some scctions wvhile massive fluorite occcurs in other veins with
a feldspar centre and a mica border. The largest veins
contain a central feldspar zone with occasional quartz grains;
the central feldspar may give Qay to fluorite and the alter-

naticn between [luorite and feldspars may only be interrujted



65,

by sphalerite. The borders of such veins arc usually lined

by flakes of bictite and sometimes another pale mica.

Sphalerite may occur i‘n,patches oY as masses surfounded by
fluorite and anhedral grains of opagues. In the wveins

with ore minerals, the general occurrence is that of a
central sphalerite zone surrcunded by fluorite which in turn
may be surrounded by mica in association with opaques and
occasional grains of cassiterite. Chalcopyrite wmay also
occur in this association.

Nearly all the sections of the (lder Granite contain
fluorite, most of thenm contain topaz, all of the: contain
opague minerals, a few of them contain crystals of zircon
while Sphélerite and cassiterite may or may not be present,
The common phenomenon is for grains of sphalerite, topaz
and Tluorite to occur together in a bunch of biotite i
agegresates. There is also evidence of fluorite, mica and
sometimes topaz replacing the original feldspars and quarté,
and many of the quariz and feldspars of the original rock
somectimes contain abundant inclusions o¢f these new minerals.

The mylonitised shear planes of the Qlder Granite are
well mineralised particularly with sphalerite and to a lesser
extent chimlcopyrite and cassiterite. In the field, it was
found that most cof the pitting (paddocks) is aleng such
sheared zones. Therce is an association of guartz-sphalerite-
Tluorite-mica-topaz or feldspar-~sphalerite-fluorite-mica-
topaz type in the rocks. The occurrence of cassiterite in
the sections is rare and any grains that occcur are usually
fine, hardly more than 0,1 mm in size. Topaz is mostly
associated with quaritz while a few gralians of zircon are
still preserved in ithe rocks.

It is evident ithat mineralising fluids wecompanisd
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p or followed the cataclasis of these rocks during which time
topaz, fluorile and mica were introduced, and further replaced
the original minerals in the rocks. The discontinuous bands
and veinlsts of quarté and feldspar aggregates are nearly
parallel'to the schistosity of the rocks while in some cases
they form egual granular structureless aggregates or ratrix.
This means that the rocks were granulated under. the influence
of some directional stresses, determining the shape of the
crystals, the siructure and the textures of the rock. But the
formation of discontinuous 5ec$ndary veins and many new mincrals
indicates that, possibly recrystallisation took place and the
hydrothermal fluids induced incipient greisenisation, Some
new minerals may have formed as a result of the temperature
and pressure changes associated with the fracturing and
shearing. Some textures of the (Older Granite are shown in
photomicrographs (Plates 2 and j). I

The Granite Porphyry

The Granite Porphyry contains phenocrysts of feldspar
and guartz and in hand speciuen, clusters of biotite can bhe
observed with specks of iron staining. In thin section the
feldspars may be as large as 5 mm.while those of guartz may be
more than 1 mm., Other minerals include hornblende, biotite and
accessory iron oxides, zircon, fluorite and sometimes allanite.
The feldspars and quartz are irrcgular and have intergrown
boundaries with the groundmass which is.micrographic and forms
about 50-60 pexr cent of the rock.

The feldspar'of the rock is mainly orthoclase-perihite
with abundant exsolution lameliae., The foeldspar crystals may
be swall and clustered teogether. Tn some sections, phenocrystis

of plagioclase may occur in addition to the orthoclase-perthites.
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:_ The bipyramidal guartz is also clustered, and in some sectionus
éecondary quartz may be abundant. Hervwblende occurs as
prismatic subhedral crystals and is highly alteredl It is
pleochroic from pale brown to reddish brown with some sections
showing pale green tints. The hornblende appears to be
secondary and may have been formed by alteration or replace=
ment of initially crystalliscd pyroxene., The hofnblende
crystals are sometimes fibrous and it is thought that
uralitisation may have occurred associated with the crushing,
shearing and metasomatism in this area.

Biotite is not abundant in the rock, but forms clusters
with opaques believed to be magnetite and ilmenite. Zircomn
crystals méy also be present in some sections. Magnetite and
ilmenite are abundant and are constantly associated with
biotite. Fluorite is also present, usually developed in small
veinlets of gquartz and mﬁst have been introduced at a later
stage than the consolidation of the granife. Crystals of
allanite with haloes occur in some sections and are usually
'pleochroic from pale brown to dark brown with some crystals
showing amorphous forws which may show some alteration. Two
sections of the rock contained distinct aggregates of a pale
‘brown micé, showing zoning, cracks and chloritiseq edses.
Distorted veins of quartz sometimes with fluorite:occur and
grains of sphalerite and cassiterite have been observed in
sections containing quartz veinlets. In field, tiny quartszs
veiﬂs accompanied by blackening of the wvicinity of the veins
are common. This and the fact that zones in the Granite
porphyry have been pitted by the local people for tin
indicates that some form of mineralisation occurs in the

Granite porphyry.
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The Sho-~Granite porphyry dyke was the earliest of
the granitic rocks in the Rop complex and its emplacement
caused fracturing and shearing in the adjacent (Qlder Granite,
providing channelways for later fluid aciion associated with
later biotite granites, resulting in the mineralisation
contained in the Older Granite and to a lesser extent in the
Granite porphyry as well, Black {(1971) suggested that this
rock filled many of the initial interlocking fractures in the
Rop complex Sho~system, and the original pattern has been
largely obliterated by the succeeding granite intrusions in
the central area qf the complex. -

| Greisens

The greisen zones are few on the surface, but several
.zones have been intersected at depth by the two cores, and
they have varying thicknesses (Fig. 3.3). The greisens have
been recalculated to their actual thicknesses from the core
diagram, and they range in thickness from 8,060 cm to 368.10
cm in Core D and from 6.50 cm to 177.90 cm in Core ® (Tabie
3.1). The greisen is a product of the fractured Older Grauite

and the transition from the Older Granite lo greisen is

gradational with dincreasing micaceous material from the Qlidexr
Granite into the greisen, The greisen is black, very fine
grained and usually massive except where effecis of myloniti-
sation can be observed, in which case the greisen 1is nore
cleaved. The greisenrs are usually traversed by pink feld-
spalhic veins which carry visible ore in hand specincen,
Greisens from the cores are fresh and contain veins as at the
surface but are generally fractured.

Tn thin section, the greisen is a micaccous quartz-
Ffeildspar-topag-fluorite rock, The greiseg_has a variable

texture and in some cases the abundance of particular minerals
!
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Table 3.1. Depths to Greisen zones and their tﬁicknesses.

'‘E' CORES tDY CORES o !

Core Vertical Traversed Actual core Vertical Traversed Actunl
depth depth to thickness Greiscn depth depth to thickness +{ihicik-
to Greisen in cm. thick~ to Greisen in cm. ness
Greis- M ness cw Greisen in M. . ; in cm.
en in M. : '
2,60m 2,25 92.5 79.9
3.75  3.25 65.0 56.3 .
4,85 h.20 20,0 17.3 :
5.50 k.76 57.5 4g,8 6.20 5.37 25 21.6
7.273 6.26 17.5 15.1 6.95 6.02 85 73.6
8,80 7.62 205,0 177.5 _
11,10 9.61 135.0 116.9 11.15 9.66 A3 - 39
25,65 22,21 i0.0 8.6 f
30.45 26,37 7.5 6.5 13.50 11.69 15 13
32.15 27.8%4 25.0 21.6 14,75 12,77 10 8.6
32.55 28.19 25.0 21.6 15.50 13.42 55 hi.6
34,15 29,57 80.0 69.3 16.30 14.12 20 17.3
- 35.00 30,31 ho.o 34,6 18.10  15.67 425 368.1
36,05 31,22 17.5 15.1 22.50 19.49 95 82.3
36.60 31.70 hs,0 39.0 o C .
37.83 32,76 15.0 . 13.0 f
39.28 34,01 25.0 21.6 |
39.85 34,51 775 67,1 ;

is also variable and the complete transition from greisenised (lder
Granite to greisen indistinct. The main minerals of the greisen
are mica, quartz, topaz, sphalerite and fluorite, but where veining
is present, feldspars are also present and may attain large propor-
tions. The micas of the greisen are biotite, a pale to colourlecs
mica and soumietimes muscovile, Chlorite is alsc present while
‘sericite may or may not be present.
The bietite is fine grained with small flakes, plecchroic
from pale brown to dark brown, and the flakes usually occur ip
aligned clusters surrounding fecldspathic veinlets or quariz.
aggregates which are sonetimes associated with the feldspathic
veins., The muécdvite.also occurs as scaly shreds and aghregates

but a few tabular grains also occcur. The third variety of mica is
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colourless, fofming tabular and prismatic crysfals. Some
of the crystals are thick and zZoned with a pale core and a
dark margin, Some of the crystals are radiating with fan
like boundaries and are believed to be lepidolite and a
product of biotite replacement. Bowden (1975) has.however 5 
stated that the transformation of biotites in the biotite
granites of Nigerian Younger Granite province produces
siderophyllite and protolithionite. Optical properties were
determined on the greisen micas and the results are given

(Table 3.2). °

Table 3,2. Ontical Properties of Micas; Gindi Akwoti Greisens
muscovite ?lepidolite biotite biolite
Property 1 2 3 L
%gﬁ?rference opt=ve opt-ve opt-ve opt=ve
n 1.570-1.614 1.561-1.606 1.541-1,.628 1,573-1.637
2v 30=45° 30°%-140° 5-30° 50257
Ext. 72 a 0-4° 3-8° 0-3° 0-3°
X pale~green- colourless pale- pale straw
ish vellow yellow
Y ' pale~green pale with dark-brown pale-green-
brown tints ish
z _ Ereen colourless dark-brown-~dark-brownish
' ’ to greyish ish green -green
Absorption XeYeZ Y =X=2 XeY=7Z X YL Z

Although no modal analysis was carried out on the
greiscens due_to their fine grained nature, the proportion of
mica in the greisens is always up to 50 percent by volume of
the rock. The greisen owes its black colour to the dark
greenish colour of the chlorite that may locally become abundant

as well as the fine aggregates of biotite and muscoviie.
' .

Quartz

The quartz of the greiscns is almost all sccondary

except in a few cores where traces of the Qlder CGranite are
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present. The amount of quartz in the greisens varies from
section to section, but hardly reaches 20 percent by volume of
the rock. The guartz occurs mainly in the veins and discontin-
uous veinlets associated with feldspars. In some sections
large anhedral crystals of quartz occur, while in others
smaller crystals occur associated with topaz. Some veins and
veinlets of guartz also occur aleone particularly in the more
fractured greisens.

Feldspathic veins

The feldspar veins are small, varying from aboul 0.1 wmm
in width to about 0.3 mm, usually irregular with short branches.
The feldspar content of the greisens is restricted to these
veins except in a few cases and in the casc¢ where remnants of
the Older Granite can be found. Some of the veins contain
both quartz and feldspars but the quartz may occur more on the
borders of feldspars which are usually at the centre of the
veins., 1In some cases the feldspar veins may crosscut other
quartz bearing veins. Some of the Teldspathic veins show zoues
with central albite crystals growing inwards usually surrounded
by perthitic feldspars which form the walls of the veins and
these are in turn surrounded by an alternating fluorite and
mica zone. These veins soumetimes contain large spherulitic
masses of sphalerite and fluorite, with small grains of
cassiterite in or around the sphalerite.

Sphalerite

By far the most common ore mineral in the greisens is
sphalerite. !assive brown and grey sphalerite occurs as
patches all over thie rock, while smaller masses oceur around
and on the veins. 1In all cases there is an association of the

sphalerite with fluorite which is also massive,. Grains of
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sphalerite are also disseminated in the greisen and are
associated with cassiterite. The sphalerite is sometimes
associated with opaques, fluorite and quartz, in which case
topaz becomes abundant. In some cases, sphalerite occurs at
the centre of veins of guartz bordered by fluorite which is in
turn bordered by mica with crystals of cassiterite. In such
occurrences, sphalerite masses arec as large as 6 nm.

Cassiterite

Cassiterite is generally subordinate to sphalerite in
amount in the greisens. Cassiterite most commonly occurs
in mica pods together with a little fluorite on the margins of
the quartz and sometimes feldspar veins. Small grains of
cassiterite also occur in the sphalerite masses where the
cassiterite grains hardly exceed 2 mm in size., The rest of the
cassilerite occurs as fine grains scattered in the rocks
either in the mica malrix or associated with groups of
fluorite-sphalerite-~-opaques occurring together.

Chalcopyrite

Chalcopyrite occurs mainly in the more cleaved variety
of the greisens, usually as large euhedral crystals in constant
association with sphalerite and iron oxides. The fine grained
greisens hardly contain any chalcopyrite. The amount of chalco-
pyrite is also small compared to sphalerite, and is absent in
most of the greisens.

Fluorite

Fluorite is present in all the samples examined and in
some sections it forms up to 20 percent by volume of the rock.
Vhere there is abundant sphalerite, masses of fluorite also
occur. Fluorite also occurs in large amounts in the QOlder
Granite that has not been greisenised. TIn soume cases fluovite

occurs in the feldspar-quartz veins associated with sphalevite,
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or it may occur on the borders of the veins associated with
mica and cassiterite grains. However the amount of fluorite
decreases vhere topaz is abundant and this phenomenon is
observed mostly in the fine grained greisens in which the
colourless mica has started to develop. Some veins are
composed wholly of fluorite but such veins are usuvally dis-
continuous,

Topaz

Topaz is also abundant in some of the sections and

occurs associated with quartz and contains many inclusions.
It attains high proportions in sections that have developed
large tabular crystals of colourless micas, and is usually
more abundant in the mineralised and less fluorine bearing
sections.

Other common minerals in the greisens are iron oxides
and zircon., The iron oxides are sometimes abundant, and are
either associated with sphalerite or micas, where they occur in
the form of dots, smears, clots, sireaks and brown gels., Small
amounts of monazite and greenockite are also present. 1In all
cases, greenockite occurs with sphaleriteg Wolfram also occurs
in small amounts and is restricted to the quartz and quartz-
feldspar veins. Little amounts of pyrite also occur while
bornite suspected from hand specimen has not becen observed in
thin sections.

Several mineral associations have been observed in the
greisens. Mica is however the most comnon constituent of the
greisens, AQuartz, feldspars and f{luorite are also always
present, while topaz may or may not be present. The associations
in which the ore minerals may occur are:-

(1) cassiterite-sphalerite-quartz-fluorite-mica- topaz; in

this association, the mireral that may sometimes be present
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is feldspars, usually angular grains of cldudy orthoclase,
(2] Cassiterite-sphalerite-guartz-fiuorite-mica~leldspars;
in this association, topaz which is sometiues present in the
association is absent. = R . - P
{(3) Cassiteriteﬂsphalerite—feldspar—fluorifcémiéa; insthis
association, both quartz and topaz are absent,
(k) Cassiterite-sphalerite~quartz-fluorite-mica-iron oxides;

in this association feldspars are absent, while iron

oxides have becn introduced in the association.

‘.In the last association, somwme of the iron oxides may
include chalﬁopyrite, and the association is thought to be of
the gquartz-mica~-fluorite-chalcopyrite-sphalerite-cassiterite
type. This associution is however rare in the rocks, and occurs
mostly in the fractured greisens or near shear planes., 0f all
the.associations mentioned above, the most common is the
quartz-mica-topaz—fluorité-sphalcrite-cassiteritc type. Close
_tp this and next in abundance is the feldspar-mica-~f'luorite-
sphalerite-~cassiterite type, and sometimes abundant sphaierite.
These two types of associations form the mode of occurrence of
the ore minerals, and the Gindi Akwati lode may be described as

belonging to them. o _ . o |
It is c¢lear that most of the important dcposits of

sphalerite, cassiterite and tec a lesser extent chalcopyrite

were introduced with the pink perthitic-orthoclase~albite veins.

Some of the ores were introduced before some shearing occurred,

and when movement has stopped, further intreduction of ores by

hydrothermal fluids continued, forming veins of qQuartz and feld-

spars. This is so since some of the fluorite-guartz veins

have been deformed and strained, while later unstrained patclhes,

veinlets and aggregates of quartz and mica with ore minerals are

also piresent. _ !
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The Dolerite NDvkes ; - ) o {

The basic dykes are dark to bluish-grecn and very
fine grained. 1In thin section, the dolerites contain plagio-
clase, calcite, epidote, quartz and abundant sccondary
chhlorite. The plagioclase occurs in the groundmass as long
prismatic crystals which are usually euhedral. In some
sections the plagioclase crystals becowe larger and in such
areas, chlorite decreases considerably. Crystals may locally
become as large as U mm in length and the plagioclase is
believed to be mainly labradorite with ZV between 700—900
and extinction angles vary from about BOOghOO.

Calcite occurs in the groundmass as grains and spherulitic
crystals while some prismatic crystals mnay be associated with
quartz also in the groundmass. Epidote occurs mainly as
grains but sowme sections contain fine columnar aggregates and
where the rock pecoumes coarse prained, well developed pseudo-
hexagonal crystals of epidote occur. In most cases, chlorite
may mask the epidote crystal outlines.

Pyrite occurs as euhedral trizangular coarselcrystals
associated with other opaques in the form of tiny grains and
dots. Quurtz occurs in the groundmass and in some cases it
is associated with calcite. Chlorite is abundant and much of
the chlorite is secondary replacement after other minerals. A
few crystals of biotite and augite are also present in some
sections.

The deolerites contain very few calecite veins which have
formed as a result of alteration (Plate 4), by groundwater
action. The only ore mineral observad in the dolerites is
pyrite;.which primarily crystaliised with the rocks, and is

abundant in sonic sections. Wo effects of alieraticen by late
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hydrothermal fluids.were observed, and there ére n; signs of
strain or shearing. At the contaci with the (Q0lder Granite
where chilling has occurred, small veinlets of mica and guartz
in the Older Granite can be observed to terminate sharply
exactly at the dolerite boundary (Plate 5). This is evidence
that the hydrothermal ore bearing fluids which caused greisen-
isation and veining in the 0lder Granite occurred before the
emplacement of the dolerite dykes. The dykes were however
emplaced along the fracture planes in the Older Granite, and
on the surface Qhere pitting for cassiterite is commoﬁ along the
shear zones, many of the dykes have been exposed. The dolerite
dvykes ﬁay either be connected with the extensive Tertiary
volcanism which occurred in this area or they may be
associated with the Younger Granite cycle that has caused
greisenisation and mineralisation in the Older Granite in this
area. -

Chemical Composition of the dolerite

Four of the dolerite samples were analysed for their
major and some trace clements., The results and their Barth
Mesoﬁorms are given here together with the average abundances
of trace elements in basalts (Krauskoﬁf; 1967) for comparison
(Table 3.3 and 3.4). _ :

The analyses compare well with basic rocks elsewhere
in this province (Macleod et al. 1971). The silica content
of the dolerites ranges from 45,02 to 48.18 percent, and only
one sample contains quartz in its norm. This shows that the
dolerites are basaltic characterised by low SiO2 content with
high FeO, ﬁgO and Ca0 and low Na

0 and K.,Q, The total iromn

2 2

content is relatively higher than the total iron in basalts of

this province, This can be accounted fTor by the pyrite

content of the rocks. However the amount of sulphur is very
' i

low compared to the amount of pyrite observed in thin section.
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This low sulphur content may be due to the detection limit in
the method used for analysis since the method has a high lower
detection limit.

The basaltic rocks however are enriched in some of
the trace elements analysed for compared to the average
compositions of basalts. The most significant increases occur
in Zn and Li. Zn is the main metal in the ore minerals that
occur in this areca. Similarly the micas of the greisens in
this area are rich in Li. This suggests that the ore fluids
that caused mineralisation in this area may have affected the
dolerite rocks., However the dolerite dykes show no sign of
secondary alteration or enriciusent., It can be explained that
the origin of the dolerites must have been closely associated
with the granitic magma from where the mineralising fluids
originated, It is possible that the hydrothermal fluids may
have aflfected the basaltic magma in the liquid phase before it
finally solidified as dolerite rocks. The field evidence
combined with the chemical composition and ore minerals in the
rocks point out well that the dykes were emplaced aflter the
mineralisation and greisenisation in the Older Granite.

3.2. Geochemistry

There is a considerable published analytical chemical
data on the Nigerian Younger Granite rocks (Jacobson et alj;
1958; Bowden and Turner, 1974; Bowden, Whitley and Van
Breemen, 1975), and a large collection has also been published
in the Bulletin of the Geslogical Survey of Nigeria No, 32
(MacLeod et al. 1971). However, little chemical data can be
found on the altered wallrocks and greisens associated with

mineralisation in this province. Almost all of the Nigerian
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Table 3.3, Chemical Analvéis and Barth Mesondrms of dolerites.

D, 12.60 E3 22,20 EB 22.74 E) 29.52
sio, | 46.73 bhs.02 48,18 h6.32
A1203 1h.54 14,22 15.44% 515.&6
TiO, - 3.28 3,10 3.69 ' g 3.61
Fe,0, : 1.68 1,56 ©1.06 | 1.36
FeO : - 15.1h 13.99 9.48 112,23
MnO 0.21 0.28 0.1k | 0,38
MgO - 6.50 5.92  3.29 | 5.95
ca0 o 5.73 8,01 9.38 Ry
Na,0 R 2.63 2,80 BRISY - 3.16
K,0 1.55 1.63 1.93 ; 1.37

20+ o 057 1.57 - 0,83 . 0.39
H,0™ 0.81 1.27 O.h1 § 0,28
P,0g 0,42 0.28 0.5h { 0,49
P " 0.01 trace 0.0k 0,03
s 0,11 0.10 © 0.10  0.10

. 99.30 99, 64 98.53 | 98.55
Less O - : 0.0k 0.06 0.03 | 0,06
Total 99.26  99.58 98. 50 | 98,49
Quartz - 0.86 0,00 0,00 E 0,00
Orthoclase 0.00 0,00 2.39 _% 0,00
Albite 23.49 22.14 32.06 ' 28,80
Anorthite 14,19 21.27 17.70 ; 21.61
0livine 0.00 6.55 - 0.00 | 8.0k
Hypersthene 29,42 11.23 0,00 } 14,97
‘Actinolite . 0,00 0,00 2.65 é 0.00
Bdenite 0,00 0,00 . 17.05 | 0,00
Biotite 14,58 15.31 - 1bk,40 ? 13.15
Corundum 3.60 0,00 ~ 0.00 } 1.09
Sphene 6.82 6. 44 7.70 | 7.66
Magnetite 1.75 1,62 1,11 1.44
Apatite 0.57 C 0.58 1.13 1.04

Water : .31 5,65 3.83 | 2,10
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Table 3.4, Selected Trace Element Analysis of dolerites.

Elewents ppm D, 12.60 E322.20 Ej 22,74 E; 29.52 Average
) o | Composition
of basalts.

cu 36 33 56 33 . 100
Pb | 20 18 L2 31 ‘ 5
Zn 3071 346 470 195 !i 100
sn 30 %o 70 ko 1
ca - r 2 2 2 o,
Li o 3/6 240 392 223 10
Be 8 7 2 | 7 0.5
v 4 6 4 o | 0.6
Th 2 2 4 11 | 2,2

In Tables 3.3 and 3.4
D2 12.60 = Dolerite sample from D core at 12,60m. depth.
The rest from E core. No. after E represent depths at which

sample is taken

Analysts: S.1. Abaa. R. Batchelor. (19?6).

granites.contain between 70 énd.77 percent.silica with similar
small variations in the other major oxides. The greisens in

which ore minerals occur have been analysed and their chemical
composition discussed.

|
|
Major Element Chemistry 1

" 15 samples from Core D and Core E were anaiysed for
their major elements and the results are presented (Table 3.5)

together with their Barth mesonorms. o i
The silica contert of the rocks is highly &epleted

compared to the Older Granite and greisens clsewhere in this

province. This low silica conrteont is manilested in the

mineralory of the rocks in which greisenisation has produced

mica-{luorite~lopnz rocks rather than anr increase in qguartz.
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Furthermore the veins that occur in the greisens and greisen-
ised Older Graniie contain more feldspars than qdartz. The
silica content of the rocks ranges from 41.24 percent in a
greisen proper to 56.71 percent in greisenised Qlder Granite.,
Alumina is variable in the samples and shows a slight increase
wilh increasing silica and its content varies from 13,05 to
20,75 percent except one sample (Dl 8.45) which has an
anomalous value of 6.53 percent and a corresponding low in:
silica of 23.69 percent. 1In liand specimen, the sawmple
contains visibile white and purple fluorite which is
responsible for this anomaly and has been furiher reflected
in the high content of lime and fluorine which are up to
49,30 and 17.68 percent respectively. Titania is enriched in
the rocks compared with thé normal (¢lder Granite content and
can be attributed to the presence of iron oxides including
jilmenite, as well as a pdssible substitution in the lattices
of other minerals sucli as magnetite and possible brookite (Tioz).

The rocks are also enriched in total iron {FeO 4+ Fe,0 with

3)
values ranging from 5.32 to 23.10 percent. The high iron
content is accounted fTor by sphalerite, the micas of the rocks;
biotite, muscovite, sericite, and a colourless mica., Chlorite
also contains F62+ and more iron could come from other
minerals such as pyrite, ilmenite, magnetite and chalcopyrite
to add up to make such high values of total iron in the rocks.
Manganese is not high in the rocks, with a range from 0.10

to 0.36 percent. There is, however, a slight correlation
between the manganese content and the iron coutent (rig. 3.4s)
and as the total iron increases, the manganese cogtcnt also
increases. This relationship can be attributed fo the
occurrence of wolfram in the greisen and greisenised Older

Granite wveins.



Table %.5. Chemical Analysis and Barth lesonorms of greisens from Gindi Akwaf
3102 41.35 43.56 55.40 54.74 43.06 62.60
T102 0.30 1.70 0.51 0.52 0.78 0.26
A1203 15.91 14.33 16.83 16.99 19.45 1%.65
F3203 1073 1060 0-65 0074 1051 0.72
FeO 15.61 14.35 5.81 6.63 14 .44 6.46
¥FnO 0.26 0.32 0.11 0:12 0.21 0.09
Me0 1.51 8.61 2.33 2.31 2.86 1.79
Cal 8.79 4.81 4.17 %5426 1,22 2.95
Na20 3.26 2.60 5.60 .12 4.11 2.06
K20 2.78 4,20 2.53 3.51 T«13 5.48
P205 0.31 0.24 0.13 0.16 0.42 0.22
B0 0.58 0.34 0.31 1.30 1.18 1.48
H?O- 0.33 0.09 0.18 0.63 0.93 0.59
F 4.84 2-71 2-55 3-75 1'78 1-35
SO2 0.12 0.12 0.12 0.10 0.22 0.13 _
g7.66 99.69 97.7%6 99.90 99.40 49,82 10
Less O 0.06 0.08 0.0% 0.91 0,38 0,07
Total 97.60 99,61 91.33 88.99 99.02 98.75
Quartz 0.00 2.80 4.58 0.00 21.57
Orthoclase 0.00 6.43 6.91 16.77 20.03
Anorthite 14.76 13.68 12.19 0.57 11.49
Nepheline - - - 11.88
Qlivine 10.01 - - -
Hypersthene 0.66 - - - Rid
Actinolite - T.29 0.41 - 0.69
Edenite 2:11 - - -
Biotite 38.97 14.26 20.00 37.51 18.30
Sphene 3.49 1.09 1.02 C 4.96 0.53
Maznetite 1.64 0.70 0.72 1.61 0.73
Apatite 0.49 0.28 0.31 0.84 0.45
Water 1.64 1.56 5.59 6.23 6.22
.-';'1 to 156 Bl 3le Co D D.‘; re ircon Core D. Numbers efter 31_0
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Magnesia is also enriched in the roecks rangiung from
0.93-8.61 perceunt, and the enrichment canr be accounted for by
high content of the micas as well as chlorite. Lime is
also high, ranging from 1.04 to 39.30%. The high lime
content is mainliy due to the high content of fluoriie as weli
as some contribution frowm some plagioclase in the feldspathic
veins, and in case of the greisenised Older Grahite, from
some of the plagioclase of the original Older Granite that has
not been replaced. There is also a corresponding increasc
in fluorine content of the rocks with inqreasiug line (Fig.
3.kb}. Soda is low in the rocks and shoﬁs an increcase with
increasing silica; the values ranging from 1.12 to 7.60
percent (Fig. 3.4c). Since there is more silica in the less
greiscnised Older Granite it is an indication that fhe
contribution to soda content is mainly from minerals of the
original Older Granite as well as sowme contribution from the
albite crystals developed in the feldspar veins and f[rom
substitutions in the lIattices of other minerals. Potash is
'generally higher than soda and is particularliy Ligh in the
greisens with many veins. Potash values range from 1,98-8,81
percent with the maximum value occurring in the sanple with
the mininmam value for soda, although there is no good correlat-
iton between increasing potash and decreasing soda. The high
values of potash can be attributed to the feldspathic
veins which contain mainly perthitic-orthoclase; since these
values are also highest in the greisens containing more of
such veins. There is also a slight increase in potash with
decreasing silica {(Fig. 3.hd)} particularly in the fine graincd

greigsen. This corresponds with increasing greisénisatior, Tho

more intensely greisenised rocks contain more Lfaldspaviiic voeins



e S A e S ——
1

BiA
Fig 34 Correlation between Fluorine
and Ca0

&1
I

&

6]
@

©
o °
2-
@ c
e c
o

4

Rl B | - i S IR I

1 'd e 3 ﬂ’: o Ej



R

10

O

25

o

wreg

A S . - . e s e A s B e T ot A Rl 5 | 2. 5

Oeoin

Figd4 Oxide variation diagrams
L C&D
©
| Q
O C1
O
B i
o Ky0 i
5 o @ N
. O
n
O 1w -
= o O O
o o C
xige aAlr0g
- E&F- mFe0+ Fenln
23
I i
@
G
B - e
e = :
o (I- ﬂ,!‘ﬂ
41
B o
| 3
fd
[ ]
|1
- |

R



B1c

Figé-4 Oxide variation diagrams

=

iy

- o, |

a2

ESSESE IS A Lasal ML LESCE SECES CRGIN S3CLES SOREEELEE] KRG LB SRS Se=t S.S-» LI SESaie FNE st R | ="




8z,
and sihce-these veins contaiﬁ mainly perthitic;orthoclase,
the content of potash and bance the amount of wveins is an
indication of the degrece of greisenisation. Oxides of the
major elements have been plotied against the silica content
(rig. 3.4}, and as the silica decreases, i.e. as greisenisation
increases;
(1) Alumina slightly decreases (Fig..B.he)
(2) Total iron (Fe0 + FeEOS) increases distinctly (Fig. 3.4F)
(3) lime distinctly increases, i.e. increasing fluorite (Fig.
3.4g)
(4) Magnesia increases i.e. increasing mica content (Fig. 3.4h)
(5) Soda also decreases i.e. with increasing soda, and )
increasing silica the greisenisation is less intense
(Frig. 3.he) !
(6) Potash increases i.e. there are more feldspathic veins which
is an indieation of increased greisenisation (Fig. 3.b4d)
(7) Fluorine increcases i.e. with increasing greisenisation,
more lime is released from the plagioclase of the original
granite, and fluorite is formed. This corresponds with
decreasing silica (Fig. 3.4g). ? _ é

Trace Flement Chemistry

Selected trace elements have been analysed for in tﬁe
greisens and greisenised (Qlder Granite to estimate the extent
of mineralisation, The results have béen reﬁorted in parts
per million {ppm) (Table 3.6). It is not possible to
correlate these results with values in the original granite
since wvirtually all the original granite samples were affected
by mineralisation. The concentration of the elements show a
good correlation with incwveasing feldspathic and quartz veins

in the greisens. The CH conteunt of the samnles ranges from
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Table 3.6. Selected trace Tlement analysis, Gindi Akwati
CGreisens.

Sample Cu Pb Zn Sn Cd Li Be U Th

108 2.96 7.66 12 19,600 1330 100 156 194 16 8

E, 8.93 L1, Lo 2,400 110 12 Lo7 -_3?. 6 2
B, 32.10 6 30 k97 150 2z 1133 57 22 27
Ey 39.00 b 18 | 347 130 1 1638 142 18 54
Eg 40.10 1060 45 1200 2400 © 5 k217 9 22 11
Eg u0,57 3600 18 3431 22,130 2 1122 39 6 7
D, 7.20 3 30 613 150 1 1853' 26 b | 2
D, 8.45 50 822 583 2230 L 34 102 5 10
p, 15.70 870 138 6372 3100 L 166h 101 6 10
D, 18.28 18% 30 12,460 110 B8 4207 9 7 4
Dy 19.50 6889 30 908 6200 3 535 5 6 15
D, 21.50 2319 10 37690 2250 145 3141 h}' 9 11
Dy 23.57 10 ko 1100 530 3 521 Gj 15 8
Dy, 24 .54 Lo 15 9636 hs0 L3 935 66 6 2
Dy, 26.55 516 10 kioo 250 21 67 ' 6§ 13 7

E1~E6 are samples from core E and the numbers after them represeqt
depths at which the samples are taken in ﬁetreé. |
Dl_Dh are samples from Core D and the numbers after them represent
depths in nmetres at which the samples are taken.

Analysts: 5,I. Abaa and R. Batchelor (1976).

3-6889 ppm with the maximum value occurring in a greisenised Older
Granite with feldsnathic veins and is highlf cleaved, The minimum
value of 3 ppm occcurs in a homogeneous greisen made up of mainly micas.
This sample also has very high value for Li, which is an indication

of the amount of micas present. This Cu content corresponds well
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_ . i . i
with the field occurrence of chalcopyrite, which concenirates

more in this type of greisen. The average Cu content in 15
samples is however 1119 ppmg Pb valucs are low in the sawmples
with a maximum value of 822 ppm. The area is not well mineral-
ised with lead ores, and in all the cores exanined, gualena
was observed only in one thin vein about 0.5 mm wide. Zn is
the most mineralised in the greisens, as sphalerite varying
in colour from brown to reddish-brown and grey. The highcest
value of 37690 ppm Pb occurs in a.greiseﬁ with c¢ress cutting
véinS.of guartz and feldspars, and the minimum value of 341 »pm
also occurs in a greisen composed of nearly only wmicas. The
mean value of Zn in 15 samples is 7442 ppm. The Sn content of
the samples is low with a range of values from 110-223i3G ppm,
the highest value occcurring in a greisen with both guartz and
" feldspar veins. The mean value of Sn in 15-samples is 2767 ppm.
Li is enriclied in the greisens and this is attributed to the
lithium bearing micas which make up more than 70 percent of the
greisens. Be is not high in the samples with a range of 5-194
pprm and shows no visible correclation with either Li or any of
the other elements, U and Th are depleted in the samples with
a mean value of 11 ppm U and 11 ppm Th and a range from 4-22
ppm U and 2-54 ppm Th. These values show a depletion comparoed
with values of 50-150 ppm found in the plagicclase bearing rocks
of this proviuce.

The trace elements with economic concentrations here are
Zn and Sn., The sanples are however not proportionately
enriched in the elements. One sample may contain high wvalues
-for Zn and Cu but low Sn while Sn and Cu may be enriched in a
sample with low Zn. The ore concentrations de not bear any

visible correlation wiih one another and the ratios of one
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element to another is very variable in different samples
(Table 3.7). This may be an indication of the varying
compositions of the mineralisation {luids, During mineralisat-
ion, the fluids were pulsating with varying elementai concentrat-
ion, resulting in sowe greisen zones being mere mineralised in
a particular ore than the other, as well as the formation of
many thin individual greisen zones,

:_Effects of wall-rock Composition

The ore fluids that intreduced ore miﬁerals in the 0Older
Granite at Gindi Alwati were of mapmatic origin associated with
biotite granite magmatism with a cotsposition similar to that
at Ririwai. Both fissure deposition and replacement ore
formation occcurred in a similar manner that occurred at Ririwai.
However the ore f{luids affected the biotite granite with which
they were associated at Ririwai while at Gindi Akwati, the ore
fluids were foreign in the (lder Granite., The main differences
are that whereas there is abundant fluorite and topaz at Gindi
Akwati, these minerals are not much at Ririwai. Again, whereas
these are mainly feldspathic veins associated with greisens at

Gindi Akwati, at Ririwai the wveins are quartz bearing with
- hardly any feldspathic veins, ; | .

Since the mineralising fluids had similtar eomposition,
then the host rouck have played a role which resulted in the
differences. Perhaps other factors too, like pressure and
temperature as well as depth of erosion and emplacement of the
biotite graniies with which the ore fluids were associated are

|
important. At Gindi Akwati the biotité granite responsible for
the ore fluids may be at greater depths and the ore [{luilds
possibly have introduced ores in the granite at depth, but sowe
of the fluvids escaped to higher levels in the crus% and thus
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Table 3.7. Ratios of Some Trace Llements in the Greisens.

Sample Zn:Sn Cu:Sn Zn;Cu Zn:Li Sn:Li

By 2,96 15:1 1:2 25:1 126:1  9:1 |

E, 8.93 2241 1:3 58:1 6:1 é 1:3 |

E, 32.10 3:1 1:25 82:1 é 1:2 2_ 1:10
5 39 ; 3:1 1:33 86:1  1:5  1:10

E5 ko.1 1:2 1:3 1:1 é 1:3 1:2 :

Eg 40:57 1:50 1:5 1:10 ?- 13 20:1 :

D, 7.20 5:1  1:50 204:1 é 1:3  1:.10

D, 8;h5 1:3 1:50 11:1 17:1 66:1

D, 15.70 2.1 1:3 7:1 0 b 2:1

D, 18.28 113:1 2:1 67:1 g 3i1 1:33

D3 19: 50 1:5 1:1 1:7 g . 2:1 12:1

Dy 21.50 16:1 131 1631 i2:1 1:1

D, 23.57 2:1 1:50 110:1 2:1 1:1

D, 24,54 21:1 1:1 2031 10:1 1:2

D, 26.25 16:1 © 2:1 8:1  61:1 hel

affected the Qlder Granite. This may explain why there is no
- large ore zone at Gindi Akwati since only little amounts of
ore fluids escaped from the deeper biotile granite,

Since replacement is impertant in the two areas sone
of the differences can be explained by reaction of wall rocks
with mineralising fluids. As seen from the composiiion of the
altered wﬁll rocks and the veinsljn the greisens, the ore
fluids were possibly rich in alkglis. At Ririwai the ore
fluids reacting with wall rocks releascd potash from greisens
and combined with the original potash in the fluids iforned
potash feldspars in the reddened granite. The silica thus

. N - ' [
” . ; . ) I
. | Sl
i i
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relcecased by destruction of feldspars in the biotite granite
that has been greisenised concentrated in the fluids and was
later deposited in the greisens and veins as quartz. But at
Gindi Akwati the potash released by the formation of greisens
as well as potash originally in the fluids combined with silica
in the fluids to form perthitic-orihoclase which was later
deposited in veins in the greisens. This explains why, at
Gindi Akwati feldspar veins are associated with greisens, but
at Ririwai quartz veins occur.

In case of fluorite, it is observed that at Gindi
Akwati, the Older Granite has a granodioritic composition
which means that as the replacement of the feldspars of the
Older Granite coummnenced, lime was released and the lime reacted
with fluorine in the fluids to form {luorite, But at Ririwai
lime is lackiug in the biotite granite and as such the fluoriue
in the fluids mainly combined with Li and other ions like iron
and Al and Mg to form micas. This may explain the abundance of
fluorite at Gindi Ak¥wati and the lack of fluorite at Ririwai.
At Ririwai topaz is lacking since the avaijilable alumina and
fluorite went into the formation of Li micas while silica went
into the formation of quartz. At Cindi Akwati it has been
found that as greisenisation proceeded, the amount of fluorite
decreased slightly while topaz increased, and furthermore more
plagioclase formed at the centres of the feldspar veins in the
greisens. The decrcase in fluorite was possibly due to further
reaction in which some fluoriie was destroyed. The fluorine
thus released from the fluorite destroyed went into the formation
of topaz together with Al and silica remaining in the fluids afte:
the formation of perthitic-orthoclase feldspars in the veins,
The lime releascd from the partial destruction of fluorite
combined with some alumina and silica in the fluids and forme:d

the later albite-plagioclase which has been deposited at the
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centres of the feldspathic veins. The formation of the
perthitic-orthoclase, plagioclase and topaz may further explain
the depletion in silica in the greisens at Gindi Akwati compared
to the silica enrichment in the greisens and veins as quartz at
Ririwai.

Mineralisation

Mineralisation in the Rop Complex in which the Gindi
Akwati lode occcurs is extensive and ore minerals which occur
include columbite, wolfram and cassiterite while smaller
quantities of fergusonite, thorite, zircon, monazite, xenotime,
beryllium minerals, molybdenite, sphalerite, chalcopyrite,
pyrite and galena have also been reported (MacLeod et al., 1971;
Bowden et al,, 1974 and Williams et al., 1956). At Gindi
Akwati, a lode which is richer in sphalerite than cassiterite
occurs in the 0Older (Granite gneiss at the contact with a
Granite Porphyry ring dyke in a zone of crushed and mylonitised
rocks. The ore minerals occur in greisen veins and zones in
the Older Granite as well as dispersed in the fractured Older
Granite.

The origin of the mineralisation is the same with that
qf Ririwai but the mode of occurrence is slightly different.
At Ririwai the mineral association is a typical quartz-mica-
sphalerite-cassiterite-sulphide type while at Gindi Akwati two
main types of mineral associations occur, namely the gquartz-
mica-topaz~fluorite-sphalerite-cassiterite-sulphide and the
feldspar-mica-fluorite-sphalerite-cassiterite-sulphide types.
At Gindi Akwati, the mineralising fluids contained less
siliceous fluids. The anions and cations were transported in

fluorine rich fluids and were later deposited along Jjoints,
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fractures and foliation of the Older Granite, Post joint
replacement also played an important role of ore formation.

The ore minerals do not show any zoning and the greisen zones
are randomly distributed in a vertical section in the host

oOlder Granite (Fig. 3.5). No massive ores were formed how-
ever sphalerite may have been deposited before other ores since
it usually occurs with fluorite surrounded by other minerals.
The ores present are sphalerite, chalcopyrite, pyrite, little
galena, and wolfram,. The ore minerals show an increase with
depth as can be seeun from (Table 3.8) where tin, zinc and copper
values have been allotted to the greisen zones from which they
come, It is possible that at greater depth than investigated,
large greiséns and pegmatitic-like wveins which are more
mineralised may occur. From core D (Fig. 3.3) the greisecn
intersected at a depth of 6.02m is 73.6 cm thick and contains
0.22% tin, 0,06 Zinc and 0.005" Copper. After this greisen
zone, three thin greisen zones ranging from 8 cm to 29 cm in
thickness occur. A fourth greisen zone at 13.42m depth is

47.6 cm thick and contains 0.31% tin, 0.64% Zinc and 0,09%
Copper. The largest greisen zone intersected is at a depth

of 15.67m and is 3.68m thick, containing 0.71% tin, 3.77% Zinc
and 0.69% Copper and is the most mineralised zone, The greisen
zone is thick compared to others and it is possible that it

may contain large veins with much ore, but such veins were not
intersected. In core E the most mineralised greisen zone occurs
at a depth of 34.51lm and is 67.1 em thick. Although this zone
is comparatively narrow, it contains 2.21% tin, by far the
largest value obtained in all the cores analysed. This indicates
the way in which the ores may be more concentrated at greater

depth. It also indicates the way a narrow greisen zonc nay
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be more mineralised than a larger one. This is‘further
indicated by the range in values for tin, =zinc, copper and
manganese in four cases from the same greisen zone as indicated
below., : : A - E

Table 3.8. Analysis of Sn, Zn and Cu in different greisen zones.

E Cores Sn ' - Zn Ccu D Cores Sn in cu
depth in ppm ppm ppm depth ppin ppm ppin
E 2.6m 1330 19600 766 6.95m 2230 583 3 50
_ - _ , 130 613
E 8.80m 110 2400 b1 i o
| D15.50m 3100 6372 870
E 32.1km 150 497 6 :
. D18.10m 6200 110 908 6889; 184
E 37.83m 130 34y o o 7130 and 12460 99 and
: C ol 2250 13760 2319
J _ : and
¥ 39.85m 22130 1200 and I 37690
N and 2400 341 iggo 9 gz5m ? 530_ | 1100 10
1060 o ‘
Sample D, 18.28m 19, 50mn 20,0m 21, 5m Range
% tin Jo.01 0.62 .71 0.23 0.01 - 0,71
% zinc 1.25 . 0.09 1,38 3.77 0.09 - 3.7%
% copper 0.02 | 0.69 : 0.01 0,23 0,01 - 0.69
%

manganese 0,09 0,05 0.05 0.05 0.05 - 0,09
Generally the Gindi Akwati is ricber in zinc than other ores.
" The ores are concentrated in the greisens as well as disseminated

in the crushed and sheared 0lder Granite,.

The Ore fluids _ ]
: | ) :

Although there is no bintife gran{te oﬁtcroplin the
vicinity of this minsraliscd zovre, it is clcar that the mineral-
isation is directly related to the Linal stages of cqnsolidation

of biotite granites. It would therefore be sugpested that thore

may be a bliotite granite batholith at depth in Lhis area, duriug
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whose crystallisation, fluorine, =zinc, tin and -copper
concentrated in the residual fluids. This increased the
vapour pressurc of the flvids, as well as magmatic heat acting
as a driving force, caused the hydrethermal fluids with
their dissolved ions to rise through the:cooling biotite
granite at depth. Some of the fluids escaped from the bioctite
granite and rose through the fractures and shear planes
earlicr produced by ithe emplacement of the Granite porphyry
ring dyke. The fluids also utilised the joints and foliations
;n.the Older Granite.

The hydrothermal fluids were rich in alkalis but
relatively poor in siliceous coﬁponents since most of the
veins contain feldspars and little quartz. The contents of
the fluids played an important role of replacement, converting
the feldspars, guartz and some of the biolite of the original
Older Granite into other micas as well as other minerals lile
fluoerite, chlorite, scricite and topaz. This produced the
mica-quartz-topaz-Tiluorite-sphalerite-cassiterite-sulphides
and the feldspar-fluorite-mica-cassiterite-sphalerite~sulphide
mineral associations observed here, This replacement
mineralisation also produced the mica rich greisens rather

than the quartz rich greisens observed at Ririwai. -



CHAPTER 4

DUTSEN WAT

General Description

The Dutsen Wai intrusion is a small granite massif
near Dutsen Wai village in the north-west corner of the
Nigerian Younger Granite province and occupies an area of
6.3h kmz. It is situated about 64 km B-S-E of Zaria City
and located at 8013'E to 8015‘E and 1005O'N to 10052'N on
sheet 125817 of Nerthern Nigeria Survey Ordnance map 1966,
The intrusion rises to about 120 m above the surrounding
Basement rocks and plains. The intrusion is one of the most
westerly of the Jurassic Younger Granites (Fig. l.l) that
occur in a 200 km wide north-south zone in central Nigeria,
concentrating more around the Jos Plateau (Bowden et al, 1976).
The flat land surrounding.the intrusion is composed mainly
of gneisses, migmatites and recent alluvials. The massif
has sharp contacts withh the Basement rocks which are low lying
outcrops. The Basement Focks however rise steeply at the.
contacts with the intrusion in the south-west and southern parts
of the intrusion, reaching about 50 wm high in some places.
The Younger Granites have gentle dips towards and under the
Basement rocks, and Gakaive and Sweeney kl??h) have described
the Dutsen ¥Wai intvrusjon as a high level, thin, tabular body
with subsurface extension of felsic material, dominantly bioctite
granite, well bevond the outcrop limits ;f the complex in all
directions. TPurther away from the Intrusion, the migmatites and
gneisses give way to predominantly recent alluvials extending
far and wide in all dirvections uninterru;ted. .The nearest
Younger Granite intrusion to the Dutsen Wai mussif is Banke,
about 17 km away. |

The most distinctive structure in the dintrusion is the
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prominent NE-SE and NS Jjoint systems. The ma jor Jjoint zone
trends NW-SE giving rise to a flat bottomed wide valley draining
the centré of the complex to the north-west. This Jjoint zone
appears to be a fault zone and a brecciated rock occurs along its
strike (Fig. 4.1). This supposed fault has further displaced
the massif into two portions, the northern and the southern part
which rises highest. |

Very few dark thin veins about 1 mm wide are associated
with the biotite granite. These veins are barren and very
micaceous. Some thin biotite microgranitic dykes also associated
with the main biotite granite cut the granite as well as
extending into the Basement'rocks. The general trend of the
whole massif is north-south but as is the case with most or all
of the Nigerian Younger Granite complexes, the Dutsen VWai
intrusion is a near ring structure. The difference here is that
the intrusion is very small and not all the normal rock tygpes
found in the large ring complexes are present. Turner (1963)
described the structure of Nigerian Ring-Centres as having an
early phase of volranic activity which was probably brought to a
close by the major cauldron-subsidence: thereafter the intrusive
phase marked the waning of igneous activity, the emplacement of
granites by black-subsidence into a shrinking magma-chamber, SO
that successive intrusions had smaller diameters and were
situated nearer the centre of the complexX.

At Dutsen Wai, there is evidence of such a relationship,
although only little amounts of volcanic rocks are found at
this complex. Three major igneous units typical of the Younger
Granite ring complexes arc found here. These are the volcanics, thq
albite-riebeckitic—arfvedsunitc granite and the biotite granites.

Remnants of an jnitial volcanic phase in the form of agglomerates

3 v . -} - 3 -
and explosion breccia occur at the southern flanks, south eastern
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| | 9k,
flanks and on top of the eastern peak (Fig. 4.1). Then the
albite—riebgckitic~aeredsonite granite occur% in two areas

in contact with the biotite granite on the eastern border of
the massif., A thin porphyry dyke (1.5 cH wide) is also exposed
in a tin working in the south while another basic dyke, 2 cm
wide can be observed away from the main massif across the old

railway in a small outcrop of Basement,

k.l1. Petrology and Minecralogy

The Dutsen Wai intrusion is composed of two types of
high level, non-orogenic alkaline granites with only traces
of a volcanic phase, The granites are described here in
crder of abundance. |

Biotite Granite

There are two textural.variations of the bibtite
granite. The larger (aerial extent) variety is a mediuwm
grained pinkish granite wﬁich grades into a fine grained outer
zone believed to be a chilled phase. The medium grained biotite

.granite occupies more than 70 percent of the whole inﬁrusion.
On the surface (in field) the fine grained chilled biotite
granite contains stains of iron oxides, probably ilmenite
and patclies of quartz irregularly distributed in the RASS .
This chilled margin is in contact with ihe couutry rocks,
particularly on the western edge, although in places the
‘country rocks are not exposed and the mediuwm grained chilled
biotite granite is in contact with superficial cover.

In thin sections both granite varieties have the same
mineral compasition. The variation is observed in the chilied
"phase where the contained bioctite has been highly chloritised
with individual biotite crystals becoming wmore greenish with

increase in associated oxides and brown gels.



The feldspars ' _ i

The bLiotite granite contains dominantly, microcline-
microperthite, small discrete crystials of albite and patchy
perthitic replacement inftergrowths of albite. The groundmnass
feldspars are mainly albite grains and microcline. Some
sections contain more orthoclase which displays varied exsoclution
"lamellae, patchy perthites accompanied by few clecar separate
microcline, Some of the potash feldspar of the perthites is
cloudy effect of kaclinisation, while individual alhitic grains
are clear. The plagioclase of the biotite granite has a
composition Ab95-An5 with extinction angles between 130 and 20°
measurcd on twin lamellae and 2V between 70—900 {mean of 10
measurements ) . ' |

Lamellae exsclution perthites aré abundant and with
orthoclase they form about 5% percent (Table 4.1) modal volume
of the biotite granite., These perthite often occur wilh narrow
rims of small albite laths along crystal interfaces,

Table 4.1, Modal analysis of the biotite granite, Dutsen Vai.

DW 7 . DWW 8 - DW 16 Mean
Quartz 35.9 34,8 o 36.7 35.7
Crthoclase- f
Microperthites 54,1 55.9 | 54,8 54,9
Albite 5.1 4.8 _ 5.6 5.2
Biotite 1.7 © 3.5 2.3 2.5
e oxides 2.3 ' 0.1 é 0.2 ) 0.9
Zircon 0.1 0.1 g 0.1 O.1
Fluorite _ 0.2 O.4 i 0.3 ' C.3

This occurrence of discrele albite may dbe duc to unnixing of
the two alicali feldspars bteing continued beyend the pertliitie

i
!
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stage (Tuttle and Bowen; 1958). Exsolution perthites are
present in other Nigerian granites and in many members of the
group, exsolution has proceeded so that free albite is abundant,
often as quite large crystals (MacLeod et al; 1971).

Quartz

Quartz is next to feldspars in abundance in the biotite
granite. Large crystals occur with the feldspars as well as
in the groundmass. The large crystals occur clustered together
or arranged in arcuate form between the larger perthites.
Sometimes the quartz crystals appear as trails of anhedral
grains. Quartz appears to have crystallised in two phases with
initial crystals clustered and a later quartz replacing
feldspars. .From the modal analysis (Table 4.1) the bioiibe
granite contains 35.7 percent free quartz.

Biotite

The biotite of the granite has been chloritised,
particularly in the chilled phase. In this case the biotite
has become greenish with pale brown borders associated with
oxides, and its fine cleavage nearly all destroyed. The normal
biotite is pleochroic from pale yellowish to dark brown. Some
sections contain biotite which is pleochroic from pale yellow
to dark brownish green and in some positiocns it is nearly
opaque, Optical properties determined on some of the biotites
are given (Table 4.2).

Bowden and Turner (1974) have described biotites from
the Nigerian Younger Granite Province as falling into two groups
and belonging to the trioctahedral micas. These are the micas
of the perthitic peralkaline and non-peralkaline granites, which
are iron rich members of the phlogopite-annite-siderophyllite

series, and those of the albitic granites together with the
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Table 4.2. Optical properties of biotites,.

DY 7 pv 8 DU 16
ny ; 1,675 1,664 1.683
n,. . S 1,616 1.610 1,603
iy “'.no_, : . 00059 00054 00080
2v o very small 2 - 8° 3~ 7°
| | 0-30 o | o
Ext. Z aa o 0O ~ 5 ‘ 0 - 4 0 - 5
X i - straw yellow pale yellow pale straw
- : vellow
Y. A _ pale green dark brown dark brown
dark green nearly _ darl vrownish
" opagque green
Absorption - X 2YeZ 0 XeYez . XeYezZ
Interference . ' |
figure oo biaxial - wve T Ve - ve

DW 7 Biotite from fine grained chilled biotiie granite Dutsen
: Vai., - _ _ | : :

. DW 8 and DW 16 biotites from mediun grained biotite granite,
Dutsen Wai ) _ _| . . _

m . determined using Abbe Refractometer. S.I. Abaa {(1976).

somewhat paler éoloured micas of the gréisens which are lithium
poor wmenbers of the siderophyllite-protelithionite-sinnwaldite~
Lepidolites isororphous series. The bicotite here is however
thought to be lepidomelane (2v-~ 5 - 15%). The biotite
.generally has strong abscorption, very dark and cleaved, It
contains m&ny haloes probably caused by alpha-particle
bombardmént from small zircon crystals containing radioactive
neterials., It is also possible that the haloes are due to

minute radioacctive cores within the biotite jtself,

Accessory minerals . C .}

The biotite granite contains accessory minerals which



iﬁclude zircon and fluorite. Fluorite is found associated
with some biotite crystals. Zircon is randomly distributed
in the rock as individual grains but is not usually abundant,
and may notibé observed in some sections, A few grains of
very small euhedral monazite were observed in some sectious,
within a gquartz matrix, Only one section showed grains of
sphene, while all the scctions examined contained some iron
‘oxides (ilmenite magnetite and haematite). No cassiterite or
any otlher ore minerals were observed in the exawined sections.,
The proporijon of minerals described above is nearly
constant in all the sections examined., The minerals in the
rock tend to fTorm aggregates of like crystals and the grain

size ranges from 1 mm in quartz and biotite to about 6 mm in

a single perthite. Greenwood (1961) has described the commonest

feature and most diagnostic of the Nigerian biotite granite

minerals as forming aggregates of like crystals, clois of

perhaps a dozen qQuartz crystals, or biotite flakes, or feldspars

occurring together with grain sizes ranging from 1-5 mm with
single perthites up to 10 mm, o i

The Albite-~riebeckitic-arfvedsonite-aegirine granite

This rock type is medium grained with an even texture
and greyish white colour. Towards the southern edge it has
developed a thin pegmatitic contact and in general it is
subordinate in aerial extent to the biotite granite;

In thin sections the rock contains large crystals of
qﬁartz, orthoclase and riebeckitic-arfvedsonite, sometimes
intergrown Qith aegirine. Sections thatrcontain clear well

twinned albite laths and prismatic crystals contain little or

aegirine at all.

no



Quartz

Quartz crystals are anhedral and large ﬁsuallj cceurring
together with individual crystals not well terminated, The
sections with aegirine contain less strained guartz crystals
while in the sections with no aegirine Loth strained and
unstrained clear secondary crystallised quartz is present.

The amount of modal quartz is about the same as-that in the
biotite granite, and ranges from 28-35 Lercent with é mean of
32 percent for three samples (Table 4.3).

Microcline-microperthite is the{most abundant feldspar
in the rock, but the rock contains more modal albite than in the
biotite graﬁite (Table 4,.3). Sowe sections contain small
amounts of clear late crystallised wicroecline. Such sections
contain rounded smaller perthites while individual grains of
" lath-like albite and micrﬁcline with prismatic habit are hardly
"more than 1 mm. In some sections where aegirine appears the
orthoclase~perthite and microperthites are very large while
albite forms intergrowths with microcline or orthoclase-micro=-
perthites.g Modél analysis of the rocks shows that the feld-
spars form about 60% by volume of the rock (Table &.3).‘

|
“Aegirine and Riebeckitic-arfvedsonite

In the sections containing bofh aegirine and riebeckitic-
ﬁarfvedsonite, the two minerals are of equal mounts and are

always intergrown. The aegirine appears both in cehtres of the
riebeckitic~arfvedsonite and around the borders. 7Tihe two
minerals appear to have crystallised together, at the same time
‘and at the expense of each other. Some Lrystals coﬁtain
alterunate laths or flakes of aegirine and riebeckitic-arfved-
sonite (Plate 6}. The riebeckitic~arfvedsonite crystallised Jith
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Table 4.3. Modal Analysis of Albite-~riebeckitic-arfvedsonite
granites. :

DV 11 DV 12 'pw 13 Mean
Quartz Ny _ 32,4 35.3 28.5 32,1
Orthoclase- ' 37.9 | 43.3 52.6 Ly ,6
microperthite '
Albite ; _ 23,6  15.3 | 9.7 16,2
Biotite 'é - - - -
Ricbeckitic- 3.2 2.4 | 3.9 3.0
Arfd. o | '
Aegirine ?' - 0.1 3,8 f 1.3
Fe oxides : - B : - . -
Zircon j trace - 0.1 | 0.2 ' 0.1
Fluorite ?" 0. 0.5 0.2 0.3
Pyrochlore ; O.h 0.3 | 0.2 0.3
Cryolite . Y | 1.6 0.2 1.0

DWW 11 and DW 12, Albite-riebeckitié~arfvedsonite granite
Dutsen Wai.

DW 13 | Albite-riebeckitic-arfvedsonite~aegirine
' granite, Dutsen Wai,

i
aegirine appearing both in the cores and around the borders of
the mineral suggesting that fluctuating chemical conditions in
the magma may have effected partial transformation ol one
mineral into the other. The riebeckitic-arfvedsonile is
.pleochroic from pale greenish yellow to light-~blue-grey or pale
blue. The aegirine is pleochroic from pale green to pale-
greenish-yellow or faint green. Scme amphiboles from other
Nigerian alkaline rocks are plecochroic from indigoe to light
grecnish-yellow, deep blue to dark grey-blue to yellowish
(Borley; 1963). Optical properties of ihe aegirine and the
riebechkitic-arfvedsonite ave given (Table 4.4 and 4.5) together



with those from other areas (Borley; 1963).

101,

In the well recrystallised sections the riebeckitic-

arfvedsonite occurs more in forwm of rectangular or
prismatic small grains, and in such sections there

or no aegirine. In the aegirine bearing sectioans,
|

and Lhe riebeckitic-arfvedsonite crystals occur as
interstitial plates and laths, sowmetimes more than

Table b.h, Optical Properties of Aegirine

thin

is little
the aegirine
spongy and

1 mn in size,

DW 13 and DW 14, determined by $.I. abaa (1976}.

A Dy 13 nY 1h \ 3 L
Interference . biaxial + ve biaxial + ve - -
figure _
i | I
N B 1.765-1.827 1.766~1.838 1.769-1.826 1,769~
o , 1.838
* | C
2V ' ‘i .’.1' 50-700 750 \ . n.do nodo
Ext. XA C i o 2.4° R l 2.3 5.0k
X _ o E' light green light green light green Light
' a : : green
: : X ' |
Y } light green- pale grcocen- light-green~ n.d.
: T ish-yellow ish yellow ish yellow
Z ' ' _ faint green faint green faint green faint
d green
Absorption ! XzY=2 X =Y 72 ‘| _ X 7Y =2 X»>Z
DY 13. Aegirine, from albite-richeckitic-arfvedsonite acgirine
granite, Dutsen Wai.
) | .
DV 1k, Aegirine, from albitite-riebeckitic-arfvedsonite~
: acgirine granite, Dutsen Wai.
3. Aegirine, frowm riebeckite~aegirine granite, Liruei X 573.
b, © Aegirine, from albite-~riebeckite~granite, Liruei X 1356.

No. 3 and 4. taken from Jacobson, MacLeod and Black {1958) Page

18.

T
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Table 4.5, Optical Properties of Riebeckitic-Arfvedsonites.
DW 11 W 12 | bW 13 - & 5
n 1.687-1.694 1,681-1,703 1.692-1.712 1,677~ 1.691-
. o 1.693 1.696
2v | ~90°% 80-950° 75~90° high n.d.
Ext. X4 ¢ 8° - g.g® 7-9° 4° £ 39 °
x ~ dark blue dark blue dark blue Indigo dark
A g : blue
i green
Y light blue pale blue light blue blue dark
! . ' grey grey
i . . blue
i o , ) . )
Z | light green- Eiiz;yellou- fa161§z$&n {;gzz- liahy
' ish yellow & .- ye g straw
vellow
Absorption X >Y=>Z ' X>»>Y> 2 X=Y>Z ' - -
bull & p¥ 12. riebeckiticmarfvedsonite, from albite-riebeckitic
—arfvedsonite granite. Dutsen Vai.
oW 13. . riebeckitic-arfvedsonite, from albite-riebeckitic-

i arfvedsonite-aegirine granite. Dutsen Wai.

L, | - Amphlbole from albite-riebeckite granlte PB}
: Ka + fo R. Liruei complex,

5. : i Amphibole, from aeglrlne ‘riebeckite gran:te B 7.
. | Liruei complex. __}

DY 11-173. determined by 8.I. Abaa {1976).

Xo & and 5 = taken from Borley (1963} P 367.

Accessory minerals I %

Accessory minerals vary in some of the scecctions except

-

for fluorite and =zircon which are present in all the sections
examined, Pyrochlore occurs in the highly albitised variety
of the rock and varics from faiut brownish white fo grey and
usually occurs round the albite and rieveckitic—arfvedsonite

crystal boundaries. The erystals are 3Nhedral with ijrregular
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boundaries. Zircol crysials are few and scattercd.
In some sections zircons are petamict due to radicactive
bombardment, and it has beewn suggestesd that this bombarduent
could be by atoms of Uranium and/or thorium contained within
the mineral 6r sﬁmetimes in minerals in contact with the zZircon
(Bowden and Turner, 1974; Whitten and Brooks, 1972}.
FPluorite is present in all the sections examined and occurs in
cracks along quartz graiﬁs and at other!cr?stal boundaries.
Cryolite and amblygonite are also present while eléewhere
Bowden and Jones (1975) have reported both cryolite, pyro-
chlore, amblygonite and thomsenolite inlalbite-riebeckitic-
arfvedsonite granite. 1In scwme of the riebeckitic-arfvedsonite
granites in'this province thorite and ilmenite occur as

accessory minerals (Jacobson et al, 1958). while Borley (1976)

has described aemigmatite in an aegirine riebeckite granite
¥

from Liruei.

Although the albite-rieheckitic-arfvedsonite granite at
Dutsen Wai is a single intrusion, it is rather inhomogenocus
R 2
texturally and mineralo#icaliy. 1In an area of about 100
alone, both the greyish fine grained and the medium grained
less greyish varieties ean be found. The finer grained variety
is however more abundant near the contact with ithe biotite
granite, and could be intcrpreted as a chilled facies, or a
recrystallised zone due to the emplacement of the biotite
granite, In the field, it is difficult to distinsguish the
two varieties of the albite-riebeckitic-arlvedsonite granite
as different intrusions,. Mineralogically, the greyish finer
grained variety contains little or no aepgirine and appears to

bs more recrystaliisod, more albitised and wmore mineralised

with the accessory minerals pyrochiore and cryolite. None
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of the sections c¢xamined contained biotite, although in other
localities in this province biotite sométimes occurs in the
rocks. P . o : _ i
In the albite-riebeckitic-arfvedsonite-granite, the
orthoclase-perthite and quartz wust have crystallised before
the riebeckitic-arfvedsonite and the aegirine where it occurs.
As in the biotite granite, both exsclution and replacement
!
textures aré found but much more albite is present in the rock
than in the biotite granite. A large proportion of deuteric
albite (An 5) has replaced earlier formed feldspars and
amphiboles resulting in the high albite content. Bowden
(1974) statzd that in peralkaline rocks, late stage albitisation
may bve locaily severe with a large proportion of deuteric
albite replacing earlier formed feldspars and amphiboles. He
used the high albite content in these rocks to suggest that
hydrothermal modification; by solutions Lf albitic-acmitic
composition has been an important process. It appears also
that quartz crystallised as a different phase aftér the perthite
had c¢rystallised, and a later generatioﬁ!of quarts crystallised
as well as formed by replacement of the perthites. The presence
of accessory minerals like fluorite, pyrochlore and astrophy-
llite may well be associated with the late stage hydrothermal
albitisation. 1In other localities in this province allanite
has been reported while biotite has been iound as an accessory
as well as a wmajor constituent in the albife-riebeckitic—arfved-
sonite granites (Borley, 1663; Turner, 1962; Bowden and Turner,
l97h). At Kigom Hills in this same province, ore minerals
including molybdenite, pyrife and chalcopyrite have been
reported inm this rock type (Borley; 1963).
Qther Minor Rock Types . T ' ‘

The othex rock iypes at Dutsen Wail are minor and can only
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be observed as evidence of the typical complete magmatic
cycle that is common to all the Younger Granite complexes in

this province,

Dolexite dyke

The dolerite dyke, which is about 2 cm wide is believed
to be a late basic dyke and contains minerals which are '
~similar to the basaltic late dolerite dykes atl Gindi Akwati.

In thin section, it is very fine grained and contains prismatic
plagioclase in groundmass which ig composed of chlorite,
calcite and guartz. Epidote occurs in ciusters and minute
aggregates, while a few stains of iron oxides are also present.

Agzlomerates

The'agglomerates are derived mainly from fracture of
pre-existing Basement rocks and only a few of the pyroclastic
materials can be referred to as volcanic breccias,

El

Crushed breccia

The crushed brefcia was examined in thin section hut
duc to the intense weathering and alteration, it is not
.possible to ascertain its parent rock. The rock is generalily
“dark grey possibly due to clay minerals that have formed after
alteration. Brown gels of diron oxides are abundant and it

appears the rock has undergoile some recrystallisation as smal

- 1
quartz veins are present. This brececiataed rock could be dus

to volcanic activity after faulting but because of the absence
of any volcanic breccias or agglomerates in the vicinity, it
is best interpfeted as a fault zone which has produced the
valley that drains the complex. It appears there has been a
slight displacement of the northern portion of the biotite
granite to the north-west relative to the southern portion.

The Dutsen Wai intrusion is believed by the writer 1o
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have formed as a small ring complex and in order to show
the close resemblance with typical ring complexes in this

province, one of such complexes is describcd and compared with

Dutsen Wai.
Turner {(1963) has described the Sara-Fier complex and
established the order of events which is typical of the

complexes in this province. At Sara-Fier the order of cvents

wasi~ b

(1) Tntrusion of early volcanic rocks, mainly rhyolites.

{(2) ring-fracture, cauldron subsidence and the intrusion of a
. ring dyke often of hornblende-grani§e-porphyry or hornblende-
pyroxene~fayalite-granite, _ J ‘
(3} The emplacement of a succession of éranites within this
| ring fault, generally in a concentric fashion and including
hornblende-biotite, biotite and riebeckitic-arfvedsonite
sranites. - . i
At Dutsen Wai large occurrences of such rocks are not
present but this could be due to erosion of most of the earlier
formed rocks. However the following evidence is still

represented:~

(1) Barly volcanic focks are préser§ed in fhe form.of agglo-
meraltes and volcanic breccias. | 1

(2) There is a fault zone represernted by the NW-SE trending
valley along which exists a crushed breccia.

(3) A granite porphyry dyke has been obgerved in one of the

tin workings.

. .Uj._
(ﬁ) A late dolerite dyké occurs within a basement outcrop.
“(5) Two granite phases; the albite-riebeckitic-arfvedsonite
and bictite granites arc present.

These events may have occurred as at Sara-fFier but

only on a smaller scale and furthecr erosion may have reduced
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L.,2. Geochemistry ' : o

Two samnles each of the biotite and the riebeckitice
arfvedsonite granites were analysed for both major and trace
elements. Althoupgh the samples analysed are too few to draw
general éonclusions. certain typical trends can be observed.
Considering only the normative salic minerals, Bowden and
Turner (1974) found that these plutonic acid rocks are a
closely unificed group of hypersolvus alkali granites. The only
excepticns are the albitised wvarieties of these rocks which
deviate from this trend, and this has been explained as being
dﬁe to the eifects of hydrothermal medification.

Major Element Chemistry ' ' ’

The analysed samples (Table 4,6) show little variation
in most of the major elements. The riebeckitic-arfvedsonite

granite shows lower silica (8102) and alumina (Alzo over the

3)
204 +

soda (Nazo) are higher than these of the biotite granite.

biotite granite, while values of total iron (Fe FeO) and

The results of the analysis for major elements are presented
(Table 4.6) together with siwmilar rocks elsewhere in the same

province.

I
Variation diagrams have been used to plot the major

element coustituenis as oxides against silica (Si02) content
(fPig. b.2a-f},
From tlie results and oxide variation diagrams the
following characteriscics can he observed:-
l. Tt appears that as the silica content increaseé in the
#ieheckitic-arfvcdsonite-granite, the aluminé content

decreases. It is net obvious what is happening in case
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Fig4-2 Oxide variation diagrams
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Table 4.6. Chemical analysis of Biotite and Riebeckitic~arf-

vedsonite granites,

DW 7 DW 16 5 6 DY 1l DY 13 7 8
5102 75.18 74,83 75,10 75.77 72.17 71.95 71.38 7L.035
Ti0, 0.10 0.12 O.h7 0,07 0,19 .27 0,07 0.3%
A1203 13.79 12.93 12.47 12.03 11.6 11.83 12.34 11,20
L '
F0203 0,78 0.69 o.h7 .31 '1.88 1.68 1.96 2.10
FeO 1.09 1.10 1.35 1,07 1,273 1.70 0,91  1.70
Mno 0.03 0.0h m il 0,02 0.06 0.09 0,05 0.10
' |
Mg 0.21 0.22 0.35 trace 0.14 0.4 0.16 0.kO
Caol. 0.34 0.64 1,00 0.72 0.36 0.39 0.17 0.45
Na,0 4,26 4.358 3.75 L,08 7.273 5.74 7,17 h,8¢C
|
K,0 4,133 L,74 4,46 k.65 4,97 4,693 ho1vy 5,20
P205 0,04 0,06 0.03 0.03 0.03 0.06 0.01 0.06
H?0+ 0.26 0. 34 0.35 0.16. 0.59 0.71 0.30 0. b2
- |
H20_ 0.253 0.16 0.25 0,14 0.11 0,20 0.12 0.1C
F 0.26 0088 0009 0.11 00“’5 1673 1.08 l’l.d.
Sub 100,90 101,10 100.1l4 99,74 101.02 100,98 100.53 100,7”
L.ess | :
0 0,15 0.18 0,04 0,04 0.43 0.61 L8
Total 100.75 100,92 160,10 99,70 100.59 100,37 100,05 100.7"
Quartz 30.40 27.25 24 .27
or 23.75 26.37 27,58
Ab 37.67 38.24 32.63
An T 1,06 1.73 -
Actin- ' |-
olite - 0.88 1.34
Liebeclk-
j.te - - I"QBO
Biotite 2,33 1.69 0,95
Corun-
dum 1.83 - -
Sphene 0,21 G.25 0.38
Magne-
tite . 0,80 0.71 -
Apatite 0.08 0.12 0,056




DW 7 and DV 16,

DW 11 and DYV 13.

Biotite granites,.DutSen Wai (Anaiyst -
S.I. Abaa, 1976). ! |

Albite-riecbeckitic-arfvedsonite granites, *'
Dutsen Wai. Analyst S.XI. Abaa

Biotite granite Kudaru (KD 165} taken from

MacLeod et al. (1971) Pp. 64,

Biotite Granite, Rep. B 850 i{aken from
Jacobson et al. (1958) p. 1h.

taken from Bowden and Turner (1974) p. 3k,
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of the biotife granite. However VWeir (1974) found in the
Rop complex that as the silica content of the biotite
granite increased the alﬁmina content also increased. if
both the riebeckitic-arfvedsonite and the biotite granites
are considered together here, then there is a distinct
increase in aluwina as the silica content of the rocks
increases,

2., Considering the total iron (Fe203 + Fe0) in fhe riebeckitic-
arfvedsonite granite, it appears that as the silica content
increases, the total iron content also incrcases. The
reverse is the case in the biotite granite, however, if
both rock types are considered, there is a decrease in the
iron cdntent as the silica increascvs. This is the.same
case with the biotite granite from Ririwai as reported in
Chapter Two, . - \

3. Both rocks show a decrease in their méénésia (MQO) content
as the silica content increases., - | L

k. Soda (ﬁazo) distinctly decreases as the silica cﬁntent
increases. The values are highest in the riebeckitice
arfvedsonite granite where the silica content is lowest,

5. Potash (K20) remains relatively constant in beoth rock types,

6. Lime (Ca0) is generally low in the rocks but shows a slight
QEcrease with increasing silica. | .

The lime and magnesia content of these rocks aré
consistently low and the low lime content is reflected in the

nature of the plagioclase which rarely contains more than 5

percent anorthite., The low magnesia is reflected in the type

of the ferric minerals; riebeckitic-arfvedsonite in the per-
alkaline rock and the iromn rich mica in the biotite granite,

Bowde.: and Turner {i974) found that despite the alkaline nature

of this granite province, the ¥a and K values are not pariiculiaviy
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high, and only the albite-rich peralkaline granites have a
sitgnificantly high Na concentration. In the analysed samplcs,
the albité—riebcckitic—arfvedsonite granite contains more modal
albite than the biotite granite. Similarly, in the chemical
.analysis the albite-riebeckitic-arfvedsonite granite contains
the highest value of SOGQ (7.23 percent NaEO) compared to the
highest value of 4.35 percent Na20 in the biotite granite,
Bowden and Tuirner (lQ?h) concluded that the peralkaline
character of this Younger Granite province is due to a deficiency
of alumina relative to soda and potash. The inc¢rease in iron
(F9203 + Fe0) in the riebeckitic-arfvedsonite granite over the
biotite granite can be attributed to the appearance of

3+

‘e . . - - . . : 2y
riebeckitic~arfvedsonite which is rich in iren {(Fe + Fe™7) and

3+)

aegirine which is also rich in iron (Fe . The alkali
amphiboles of this rock have high iron content, low aiumina,
lime, magnesia but relatively high wvalues of soda and poiash
(Table a.7\"

The alkali and alumina contents af theée roéks have
given rise te their classification based on theixr agpéitjd
"ratios. This ratio is based on the molecular proportions of
potash (bi), soda (Na,0) and alumina (A1203} where the
agpaitic rario = ) ' | y
§' . M.P. (X,0) + M.P. (Na,0)

!_ - - where M, P, =
: N.P. (A1203) :

molecular proportions.

This ratio is indicative of the prevéilihg alkali conditions at
the tinie of crystallisation (Bowden and Van Breemen, 1970;
Sgrensen, l9?k). The agpaitic granites have a ratio greater
than unity, and Llheir chavacterisiic minerals are acgivine anao

riebeckitic-arfvedsonite, Those with ithe ratio less ihan wuniiy
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are termed plumasitic (Bowden and Van Breemen; 1970) or
miaskitic (Sgrensen; 1974), and are usually characterised by
biotite, hornblende and pyroxenc, |

The analysed samples from Dutsen Wai fall into these
two groups; the two samples DW 11 and D¥ 13 (Table 4.6} have
rations of 1,49 and 1.25 respectively and are agpaitic since
they also contain both acgirine and rie%eckitic—arfvedsonite.
The sample; DV 7 and DW 16 (Table 4,6) have ratios of 0,88 and
0.95 respectively and are therefore plumasitiec, confirmed by
their content of biatite‘as a character%stic. These rocks
.therefore fall in the two groups of rocks from this proviice
termed peralkaline for the agpaitic group and non-peralkaliune
for the plﬁmasitic type (Bowden and Van Breemen, 1970; Bowden
and Turner, 1974; Bowden 1974 and 1975; Weir, 1974).

Trace Element Chemistry

Some trace elemenlts were analysed for in the two types
" of granites, and the results are presented (Table 4.8).

Lithium (Li)

Li éonceﬁtrated in both rocks, but the amount in the
albite-riebeckitic-arfvedsonite granite is about four times the
amount in the biotite granite. This can be attributed to the
minerals aegirine, riebeckitic-arfvedsonite and astrophyllite
~which are rich in the ions F92+, Fe3+ and A13+, and Li
_substitutes chiefly Tor them. The lower values for Li in the
biotite granite could be due fto low concentration of Li in
feldspars which are the major minerals in the biotite granite.
However the available I.i in the biotite granite éan be attributed
"to the biotites of the granite which can contain Li. b also

concentrated well in both rocks and Bowden (1966a) stated that

both Li and b exhibit a dual role of concentrating in both
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Table %.7. Chemical Composition of Alkali Amphiboles.

1 2 - B A
810, 50.25 _ 49.15 ho.61 k8,83
ZrOo, 0.56 . 0.20 : G.21 0.31
A1203 0.26 . 0.95 0.27 2.31
T10, 0.80 1.4 0,52 | 1.12
Fe,0, 13,95 13.10 12.91 . - 10,90
FeO 17.09 _ 20,60 19.50 21.77
Li,0 2.20 : 1.16 - 1.76 n.d.,
Mo 0.62 - 0.32 0.48 0.27
MgO 0.04 0.30 0.13 B 0.06
Zno 0.93 - 0.6 : 0.4y n.d.
~ PbO 0.18 Co.04 0.07 * n.d,
ca0 0.20 - D.6L4 r 0.31 . 1.32
Na,0 8.80 7.66 . 9,43 _ ' 8.75
K20 2,20 : 1.96 _ 1.65 l.22
PZO; 0,16 0,04 : 0.13 trace
H,0 0.40 . 1.30 . 1.10 1.hy
H20_ 0.09 : 0.10 l nil ) 0.28
F 3.31 © 2,17 | C2,k8 2.30
cl 0,18 0.16 0,09 | n.d.
102.32 : 101.63 . 101.12 100, gh
Less O : o S i .
=F, ¢1 1.4h3 0.66 1.06 0.97
Total 100.79 100.67 100.06 99,97

1. Amphiﬁole, from albite-riebebkite graonite P.13., 3 Xaffo
Valley, Liruei Cemplex talken from Borley {(1963) P. 367.

2 Riebeckite, frou riebeckite-aegirine~-granite, Kigom (r...
85), taken from MacLeod et al. (1971) P. 72.

3. Riebeckite, from albite-riebeckite-granite, amo (L 994},
taken from MacLeod et al. (1971} P. 72.

k, Riebeckite, irTom riebeckitewgranite, Kudari, taken from
Jacobson et al, (1938} p. 18.
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Table 4.8. Some Trace EKlement Data: Dutsen Wai Granites.

Elemnent : : .
in p.p.n. . DW 7 DV 16 DW 11 - DW 13
Rb o k13 k38 S 1151 739
sr | o 0 38 7
X 84 s 137 1112
Zr 1hs 153 | | 2184 1287
Li | 190 265 885 595
Be | 5 | 12 | 28 i 26
Ni 10 - 10 10 | 10
Sn f 10 10 ‘ 56 30
cu | 1 10 17 : 8
B | 29 11 | 34 105
Zn | 107 .57 | 624 i L8y
U _!. 11 65 132 111
Th | 19 23 38 69

DW 7 and DW 16, Medium grained biotité granite, Dutsen Wai.

by 11 i Albite-riebeckitic~arfvedsonite-granite,
i :. Dutsen Wai. |
1

DW 13 -é_ : Albite-riebeckitic-arfvedsonite—aegirine
E_ _ granite, Dutsen VWai.

Analysts: | |

U and Th:~ S5.3I. Abua.
. Pb, Zn, Cu, Li, Be, Ni and Sn;-~ R. Batchelor.

~Rb, Sr, Y and Zr:- E. Cox. -
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er lka ine and non-peralkali e gra ites.
Be and Ni

Be and Ni show low values in both rocks. Ni is less
than 10 ppm in both rocks while Be shows a maximum of 12 ppm
in the biotite granite but up to 28 ppm in the peralkaline
rock., Be values in Calc- alkaline granites of this province
have a common range of between 1 and 3 ppm and there is a
general but overall increase in BDe from early to late formed
rocks, culminating in the albite-riebeckitic-arfvedsonite
granites. However these rocks can be said to be enriched in
the two elements since average abundances of the elements in
granites is 5 ppm Be and 0.5 ppm Ni (Xrauskopf; 1967).

Zn.

Zn values are much lower in the biotite granite where
from the analysed samples they range from 57-107 ppm, while the
values increase in the riebeckitic-arfvedsoniie granite,
ranging from 485-624% ppm. Elsewhere, the Younger Granites of
this province contain 200-300 ppm Zn, this value rising to
828 ppm in biotite granite (Table 2.5) while MacLeod et al.
(1971) have stated that this value may rise to 1,000 ppm in
the albite~riebeckitic-arfvedsonite granites. From table 4,7
it can be seen that Zn is contained preferentially in the
amphiboles especially the riebeckitic-arfvedsonites, but is
low in the biotites (Table 2.3). Fuge (1974) has reported a
mean value of 39 ppm and a range of 12.5-60 ppm in granites from
$.W. England, while Krauskopf (1967) has stated that the average
abundance of Zn in granites is 40 ppm. In this regard we can
conclude that these granites are enriched in Zn.

Q}
The biocotite granite contains 10 and 11 ppm Cu while tne

riebeckitic-arfvedsonite granite contains 8 and 17 ppm Cu,

while the average abundance of tes is 10 ppm Whlch.

Cu in grani
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implics hat these rocks are neither depleted nor enricied in

Cu.

Pb

Pb is more concentrated in the peralkaline granite with
a mean value of 67 ppm while the biotite!granite contains a
mean value of 20 ppm. The average abundance of Pb in granites
is 20 ppm (Krauskopf; 196?) which agrees well with the value
found in the biotiite granite, but in the!péralkaline granite Pb
is enriched. This can be attributed to the late hydrothermal
fluids that induced albitisation in the peralkaline rock as well
|
as substitution in the lattices of the amfhiboles (rable k.7,
Sn ! S !

The biotite granite contains an average of 10 ppm Sn
while the peralkaline granite contains anlaverage of 40 ppm Sn.
The average content of Sn in granites is 3 ppm {(Krauskopf;

1567) which means that both gfanihes here are slightly enriched
in Sn. 1In tﬁe biotite granite, Sn can be carried in the biotites
while in the riebeckitic-arfvedsonite granite, small amounts unay
have been introduced by late hydrothermal fluids that induced
recrystallisation in the roclk,

Sr

The biotite granite here has shown 2ero values for Sr

while the peralkaline granite contains aﬁ average of 22 ppm.

It is possible that Sr was not detected by the method of

analysis in the biotite granite, however Bowden and Jones (1975)

and Powden and Van RBreemen (1970) have alco fTound siwmilar results
in similar rocks from this province. HXrauskopf (1967) has given
~an average of 285 ppm in granites which means that if there is »o
error of analysis, then the granites of this province have been

highly depleted in Sr.
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Rb values range from 739-1151 ppm in the peraikaline
granite, while in the biotite granite, they ranée ffém 413-438
ppm. The average Rb content of granites is 150 ppm which
means that these granites are enribhed in Rb. The Rb contents
of the Youngeéer Granites of this pfovince have been discussed
(Butler et al. 1962) including the ratio of K to Rb. The
authors found that genecrally, the Rb content increases, and the
K/Rb ratio decreases from the hornblende~fayalite—granites
through the hornblende-biotite granites to the biotite and
riebeckitic~arfvedsonite granites recording the highest value
of 1,400 ppm Rb in an albite-~riebeckitic-arfvedsonite granito,

zx ‘ |
Zr values in the tweo granites were variable., The
biotite granite has lower values, (145 and 153 ppm) than the
peralkaline granite which has values of 18% and 1287 ppm. In
thin section, zircon was observed to be more abundant in the
peralkaline granite with a maximum modal vaiue of 0.2 percent
“in sample DV 13, compared to a maximum wvalue of 0.1 percent in
the biotite granite. Besides, the amphiboles aiso contain up
!
to 0.56 pefcent ZrO2 (Table h.?). These factors could have
contributed to the enrichnent of Zr in the rock. In his study
of Zr in the Younger Granites of this province, Bowden (1961)
showed the existence of two distinct evolutionary tronds. The
first is marked by a progressive decrease in Zr from the early
hornblende~fayalite granite through hornblende-~iietite granites
to biotite granites. This trend is reflccted in the early
precipitation of early formoed euhedral zircons which are large
and abundant in the hornblende-fayalite granites, butl
inconspicuous in the biotite granites. The second trend is iu

the allkaline rocks and shows hipgh Zr values Toxr the arfvedsonite-
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fayalite granites; increasi g into the rie.eckitjc-aeg;rine
granites and reachiung a maximum in the albite«riebeckitic-
arfvedsonite granites, ) }

This maximun has also been obtained in the albite-
riebeckitic»arfvedsonite granite at DutLen Wal quite in
agreement with Bowden's findings. Bowden (1961) regarced this
trend as a reflection of the increasing solubility of Zr in the
alkaline magma in agrecment with similaL rock series elsewhere
(Butler and Smith; 1962).

Fluorine

Fluotrite oﬁéurs in both rock types and the total amount
of fluorine obtained in the analysis could be from fluorite as
well as from other minerals such as biotite in the biotite .
granite and from amphiboles in the peralkaliné granite.
Although fluorite is a conspicuous accessory mineral in the
biotite granite, much of the ¥ is present in other mincrals
and there is little correlation between F rich samples and
these high in lime. In the riebeckitic-~arfvedsonite granite,
cryolite and riebeckitic-arfvedscnite are significant P
bearing minerals and the minerals-could contain as high as
3.3) percent F (Table 4,.7).

U

The uranium values for the two rock types vary, with
the biotite granite containing 57 and 107 ppm U while the
albite-riebeckitic granite contains U485 and 624 ppm U, Both
rocks show enrichment in U since the average U content of
granites is 4,8 ppm (Xrauskopf; ,1967}. The high values
obtained in the peralkaline granite ure reflected in the
uranium bearing minerals that are present in the rock,
Pyrochlore occurs in the peralkalinre rock together with

cryolite and they appear in the modal analysis of ithe rock
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Therium values range from 19-23 ppm in the biotite
sranite and 38-69 in the peralkaline granite. Both rocks

are enriched in Th compared to an avcerage value of 17 ppw in

granites although in cése of the biotite granite it is
Justifying to_conclude that it neither depleted nor enriched.
The enriclipent in the riebeckitic-arfvedsonite granite is also
small compgred to other similar rocks in this ;| rovince.

It has been found that in general there is a concomitant
rise in Th and U in the albitised peralkaline gvanites (Bowden
et al., 1975}, while Uranium behaves in a similar way to Zr
(Bowden; 1966b) and its geochcmical behaviour is closcly
related to the peralkalinitv and albitisation. From the nmnodal
.analysis of the two rock types here, it can be seen that the
peralkaline granite contains more uranium bearing minerals
than thce biotite granice, Thorite and orangite have been
:reported in the biotite and peralkaline granitcs of this
province (Jacobson et al,, 1958), and botih the pyrochlore from
the albite~riebeckific-arfvedsonite granites and the fergusonite
from the alkali-amphibole granites are uranifercous. It has
also been found that the pyrochlore from Kaffo Valley -
‘Ririwai, contains up to 3.5 percent urania and 4,3 pereent
thoria (Beer; 1952) while tﬁe Ffergusonite from Jarawa contains
3.5 percent thoria and 1.7 percent .urani.a.

| The results of the analyses of the Duisen Wai grahites
compare very well with results of similar rocks elsewhere in
this Younger Granite Province (Bowden and Turner; 1974h;  ¥eir,
1974%; Butler and Thowmpson, 1964; Butier and Smith, 1962).
From these results certain trends have been cbrserved., Blements
have distinctly shown increased concentration from the biotite

granite to the neralkaline granite. Perhaps the main reason is
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the late hyérﬁthermal fluid action which caused albitisation

in the peralkaline granite that was responsible for the trace
element enrichment, Besides, the trace elements have a greater
tendency for substitution in the minerals contained in the
peralkaline granite than in the biotite granite. The albitisat-
ion stage was also responsible for introduction of.minerals like
pyrochlore, cryolite amblygomite and asgrophyllife in the
peralkéline granite. It can be said that the albite-ricbeckitic-
arfvedsonite granite at Dutsen Wai is mineralised although the
mineralisation is a dispersed type.

The concentration of elements iﬂ a liguid depends on the
partition éoefficient for the elements, between the liguid and
any solid ﬁhases with which the liquid is in egquilibrium. This
would be either during separation from its source or during
subseguent fractional crystallisation. The activity ceefficients
will not vary greatly within the so0lid Lhase, but will wvary
greatly with other factors such as the acid/base strength of the
melt, the ionic potential of the melt and the efifect of volatiles
(Allegre and Michard; 1973). These factors wust have controlled
the fractionation of trace elenents in the two rock types anal-
ysed. The.samples show enrichnent in Rb, Zr, Li, U and Th and a
marked depleition in Sr especially in the biotite granite., (ther
trends are the decrease of Zr in the biotite granite, increasing
Li in the peralkaline granite and increasing Zn in the same
granite type. Tlle tendency observed is thereflore that, the
tracce eleciments showed some affinity to the more fractionated and
alkaline liguids, although this is less marked in the case of
Rb., Zr levels in the rocks arce higher in the ﬁeralkaline tvpes
and they mark the wvariation in the agpailic ratios, but Bowden
and Turner (lQ?h) have suggested that the hydrothermal developomens

of albite may have been responsible for the apgrading of not
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enly Rb, but also Nb, 8Sn and U. Furthermore, Bowden (1975)

87

found a marked elevation in the Sr/868r initial ratio for

all mediwn grained plumasitic biotite granites with late
magmatic apogranitic characteristics containing dispersed
columbite, thorite and xenotime, This cleuwental enrichment

must have been part of the late fluid action on these rocks.

Mineralisation

At Dutsen Wai, tin minefalisation_has been observed
only in the alluvials together with columbite, At present not
much mining goes on here since there is virtually none of these
minerals left for comniercial exploitation. A little pititing by
the local people however still goes on although sometimes
nothing ishgot froimm the workings (by discussion with oné of the
persons I met digging around for tin). The little alluvial tin
is found in.the vicinity of the intrusion particularly along
the valicey that has disseéted the intrusion. Wolfram had been
won in this area outside ‘the granite contact (Haag; 1943},
Haag also reported a vein in the basement gneiss about 1% km
from the intrusion, but it contained only wolfram as an economic
ore. He further stated; "there are no veins within the
contact, and the intrusion has reached the denuded stage,

there is abundant cassiterite in the alluvials, almost to the

middle of the granite outcrop", i ' . *

The absence of veins, lodes and greisens at Dutsen Wail
suggests that casgiterite and columbite must have been disseminat-
ed in Lthe granile as accessory minerals and wmay also have been

|
contained in other minerals such as biotite. It is possible that
on weathering of the granite, the elewental tin (Sn) may have
separated from the minerals and due to oxidatiqn,_formed

cassiterite which is found in the alluvials. Such cassiterite
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Tformation is pos-ible if he concent.ation of éhe anion 02-,
the redox ;otential and the pH conditions of the environment
ére such that the higher valence oxides and hydroxides of Sn

Il"i‘

would not go into solution. This is possible for Sn due to

the insolubility of its oxides and hydroxides. If the hydroxide
of th is formed, or even lower valence oxides or hydroxides of
Sn are formed then under acid conditions they could be oxidised
to the.higher.valence Sﬁ forming cassiterite which is the most
stable state., Krauskopf (1967} has stated that Lin also
commonly remains in the oxidised zeone as an oxide of higher
valence (Sn02, cassiterite), either residual from the ore or
formed by oxidation of other tin minerals.

Alfernatively, cassiterite at Dutsen Wai nay have been
in the rock only in the very limited roof zones and ithese zones
having been completely weathered after exposure, concentrated
cassiterite in the alluvials and left the remaining intrusion
virtually barren of tin. This is likely since no cassiterite
was observed iﬁ the thin sections examined. But chemical
analyses gave Sn values ranging frow 10|ppm in the Ekiotite
granite to 50 ppm in the peralkaline granite,

The concept of Sn in individual minerals has been
strengthened by the work of Bradshaw (1967) whe measured the
content of Sn and other trace elentents in feldspars, biotites
and muscovites from British granites {Cornwall) in relation to
mineralisation. He found that feldspars, biotites and muscovites
from unmineralised granites contuined 15 ppm, 11 ppwm and 28 ppm
8Sn respectively, while dn the minerzlised. granites the values
were 29 ppm, 44 ppm and 52 ppm respectiiély. Jedwab (19355)

worlking on graitites reperted that feldspars, bistites and



muscovites from unmineralised granites contained 5 ppm 67 ppm
and 71 ppm Sn respectively while in the mineralised granites
the values were 16-32 ppm Sn in feldspars, 110 ppm $n in
biotites and 120 ppm Sn in muscovites. Hesp (1971) found that
in a wide range of unmineralised granites in Australia,
biotites carry up to 45 percent of the total tin.content of the
granite. | |

Mineralisation at Dutsen WVai may ﬂave beén in.two forms.
One iﬁ thie biotite granite where during the limited introduction
of albite at the time of ceooling in the roof sone, columbirte,
thorite and other minerals including prbably éassiterite were
dispersed throughout the roocf zone, Weathering of the roof
. zones since Mid-Tertiary times may have produced tin rich and
columbite alluvials, The second form of mineralisation would
be found only in the peralkaline granite, whevre albitisation
introduced an enriched range of trace elements with abundant
albite, uraniferous pyrochlore and inducéd considerable
recrystullisation. In general there is no more economic
mineralisation at Dntsen ¥Wai for exploitation, however more work
will be needed to assess the extent of mineralisation of the

albite~rieheckitic-arfvedsonite granite with pyrochlore, astro-

phyllite, c¢ryolite and amblygonite.
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. CHAPTER 5

Origin and Comparison of the three areas,

All the three areas studied occur in é éinglé petro-
graphic and metallogenic province, but there are slight differ-
ences in the environment or host rocks containing the major
lodes and ore minerals. However the source of the ore nineral-
isation and the processeé of deposition are virtually all the
same, The Nigerian Younger Granite Province in which the

|
mineralisation occurs has many rock types usually occurring
together as ring complexes. The wmain differernces in the
various rock types are textural, mineralogical and chewical
compositiong, with their magmatic source belleved to be the
same., !

Qrigin of the Younger Granites

The Younger Grunites have been-studied.bf many wvorkers
to ekplain their origin, The main rock type associated with the
mineralisation is.the biotite granite, but in all cases the
bioctite granates cccur associuted with ether rock types,
particularly the peralkaline granites. i

Black (1958) showed that biotite granite cam be derived
from hornblende-fayalite granite by the removal of early fornmed
alkali feldspars, fayalite and pyroxene at high temperatures,
while the early crystallisation of hornblende from the magma at
low temperatures could produce a riebeckitic-arfvedsonite pgranite.
However this proposal has not_taken account of the high agpaitic

ratios found in the riebeckitice~arfvedsonite-granites, and

Tea

=ty

Turner (1971) observed that in the series hornblende-fayal

granite to hornblendes-~biotite gramite to blotite granite, there

' |
is a good deal of evidence in favour of a crystal differcentiation

mechanism, but the subtracition of the maxiwum possiliie asmouat of
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hornblende {rom the hornblende-fayalite granite would bring
about a greater impoverishment in Fe and Ca than is obsarved
in these rocks. Marmo (1965) susgested that the different rock
types were formed as a result of local circumstances during
intrusion, whereby each produced material different from the
. previous one. The prevailing circwmastances have not been
specified, but it would seem that this may not have been fhe
case, since individual complexes follow a definite trend of
intrusion as well as conmparative volume of each typé of rock
with one another.

By studying the system Nazo-Al -Fe 0,—8102 at 1 atm,,

205~Fey0,

Bailey and Schairer (1966) suggested a peralkaline magma,

sirnice pantéllerites show the existence of a eutectic similar to
their experimental one with a quartz-albite-acmite-Na-di-
silicate ligquid., If the peralkaline ngnites'wéré erupted into
the crust wiith such a comﬁosition, they would survive and be
intruded by a feeder arrangement. This tooc has not been
substantiated to be the case with the Nigerian Youﬁger Granites.
The peralkaline granites have been observed in field but such
intrusion through a feeder arréngement has not been observed in
any form;. Tugarinov (1965) studied the isotopic composition of
"lead in galena from Older Granites, Younger Granites, and
Cretaceous sedimnents from Nigeria and concluded that the origin
of the Younéer Granites was by a coumplete refusion of crustal
material rich in Pb, U and Th, and this éaused the change in the
lead composition from the (Older Granites compared with the
Younger Granites. This theory seems to agree with Freeth (1970)
" who suscgested that the Younger Granites were produced by partial
melting of the crust, followeq by high level fractionation.
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On investigating the associated basalts and rhyolites,
Yoder (1973) proposed that fractional melting producing two
magmas of varying composition is possible from the same parcent
material. Melting would be possible by adiabatic decompression,
producing separate magmas at different points over a long period,
and if hydrous minerals are retained in the parent material
during formation of both magmas, rhyolites and andesites would
be produced, but if the water of the parent material were used
up at the initial stage of fractional melting, then rhyolites and
tholeiites would form. Even if this had happened in this provinece
it must have been the rhyolites and andesites process oply and
wquld not explain the origin for all the complexes since
éndesites are not present iﬁ most of the complexes, and the
second process is absent since no tholeiites have been reported

: I

in this province,

.

Other workers suggest that plate tectonics may have
produced the Nigerian Younger Granite piovince. Bailey (1964)
compared the province with East Africa because of the basin and
swell struqtures and by the fact that the province is on an
uparched area. Rhodes (1971) suggested!an extension of Lhe
fractures separating the African and South American plates, while
Morgan (1971) supgested a hot spotl at Ascension Island.

Bowden (1970) used the similarity of lead isotobic
composition in Oﬁder Granites, pegmatites and the Younger Granites
as well as the distribution of tin and the absence of
tourmaline in the ring complexes to establish that the Younger
Granites were derived from an initial peralkaline melt by
fusion of local bascuent rocks. He further supggested thﬁt the

associated metaluminous trend is caused by wmore complete

melting, while the peraluminous granites developed during
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subsequent cooling. Further partial melting experimcnts on
Nigerian charnockitic menzonite, associated with migrnatisod
gneisses.produced liquids from which the metaluminous Younger
Granites could be derived (Brown and Bowden, 1973). The
experiments further showed that on cooling towards the Granite
system minimum, the ligquids could evolve into metaluminous
hastingsite-biotite granite and peraluminous biotite granite,
They however found that partial melting of charnockitic
monzonites could not yield peraliialine liguids at 750-85000,
and that syenitic rocks oi this province may either reflect
the action of late stage albitising fluids on residual
charnockitic matertial after partial mclt extraction, or the
collection of feldspar, floated from a hastingsite-fayalite
féranite liguid. |

With the chemical and mineraiogical composition of the
two rock types studied here, it can be concluded that whatever the
starting material was, the granites in Jhis prnﬁince formed by
differentiation. These rocks show trends of two distinct
processes qf differentiation producing varying series. The
main serieg are the hornblende-fayalite-granite to hdrnblénde—

biotite granite to biotite granite, and hornblende-favalite-

granite to arfvedsonite-fayalite granite tlo riebeckitic—arfved—

sonite-granite. Turner {(1971) stated that the early
crystallisation and removal of mafic minerals, would produée

the hornblende-~fayalite-granite fo hornblende-biotite granite

to biotite granile, termed a *‘normal series! while the initial
precipitation of-plagioclase would produce the hornblende-
fayalite-granite to arfvedsonite~fayvalite granite to riebeckitic
arfvedsonite prainite series, termed talkali series?, These

fractionation trends have produced the biotite and the



riebeckitic~arfvedsonite granites which are associated with
mineralisation, although the biotite granites are the most
important source of mineralisation, !

The riebeckitic-arfvedsonite granites show late
crystallisation of the mafic minerals; aegirine and riebeckitie-
arfvedsonitg, which would allow many minor and volatile
components Lo remain dissolved din the magma and partly taken into
the 1atti;es of the late crystallising mafic mineral%. This is
cqnfirmed by the high content of ¥, ¢, Li and H2O in the
amphiboles (Table 4.7). It is obvious that the last crystallis-
ing fluids will contain disselved volatiles, ions that were not
taken in by already crystallised minerals and possibly silica and
water., The;e residual fluids will increasingly be enriched in
volatiles as crystallisation continues, and their compositions
will continue to change. Xovalenko (1968) remarked that as
temperature drops and fur%her crystallisation occurs residual
fluids become increasingly enriched in volatiles, changing
continuously without supercritical phenomena, from a wmagma with
an agpaitic composition teg a seodium-silicate rich hydrothermal
solution. Perhaps in the riebeckitic-arfvedsonite granites,
the action of such residual fluids on the early crystalliseaed
minerais would change their compoéition. The action of such a
residual sodium—-silicate rich hydrothermal solution is also
responsible for the introduction of late albite, microcline and
quartz_as well as the diffuse mineralisation observed in the
Nigerian rocks. This altitisation of the rocks introduced an
enriched range of trace elesients, abundant albite, uraniferpus
pyrochlore, cryolite, amblygonile and astrophyllite (Tables
4,3 and 4.8) aud induced considerable recrystallisation as scen

alt Dutsen Wai.
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In the biectite granites, the eérly crystallisation

of mafic minerals would reduce the amount of volatiles that
would be taken in by any more cfystallising minerals. As
crystallisation continues, the concentration of volatile compon-
ents will increase in the residual sectious until saturation,
and an aquecus phase will SEparété. The gluid phases with
dissolved ions will then invade the crystalline granite roof
zZones resulting in the transformation of ?iotite into micas
as well as the formation of lodes, veins énd greisens as secn
at Ririwai. - ' _ ﬂ

| The above two differéntiation processes have been
well illustrated by =zircon (Turner, 1971). In the biotite
granite series, zircon shows a progressive decrease due to thie
early crystallisation and removal of zircon, but in the
riebeckitic-arfvedsonite granite series, zircon shows =a

progressive increase duc to its dincreasing sclubility in the
|

I
alkaline magma, producing a stroug contrast in the end members;

the biotite granites and the riebeckitic-arfvedsconite granites.
From Dutsen Wai the trace elewment analysis gives Zr values of

184 and 1284 ppm in the albite-ricbeckitic-arfvedsonite granite
while in biotite granite the values are 145 and 153 ppm.|
Similarly in the modal analysis the albite-riebeckitic~arfved-
sonite granite contains a maxXimum of 0.2 percent zircon while the
bictite granite contains a maximum of C.1 pefcent zircon.

Comparison of the three areas studied]

In the areas studied, the fractionation trends discussed

above have been recorded, and at least one phase of wmineralisat-

-

" jon as discussed albiove is recorded. At Gindi Akwati, both the

peralkaline and the biotite graniles are not found in the

immediate vicinity of the mineralisced zeonc, however bhoth phases
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arc present in the ring complex in which the mineralisation
otcurs, Besides, there is strong eovidence to suggest that
there may be o biotite granite in the vicinity at greater deptls.

A comparison of the threo areas is presented as o summary in

Table 5.1 . {

| Historvy of the threc areas. i

I In the past, both areas have beén very productive in
éolumbite and cassiterite, Rop complex in which Gindi ikwati
occurs is the second largest tin preducer in the Kigerian
Younger province, and alluvial cassiterite has been exploited
for over 50 yenrs {Black; 1971), The Gindi ikwati lode has
not proved to be large nnd payabhle, but small scale paddocks do
offer some cassitcrite, and further driliing may yileld better
results. ]

2t Dutsen "ai, cassitorite and colunmbite had heen
mined on a large scale from the alluvials, but reserves have
diminished considerably and there is no more organiscd mining
ir the area,. ]

Ririwad is the largest singlc lode so far discovered in
Vigerin, and the development of a mine is in progress, where
it is hoped that not only cassiterite but also sphalerite and
galena will be produced. The Ririwai area had been exploited
by the local people in the early part of the 19th century
(Raeburn; 1924) and the mined tin was smelted and sold in
the local markeots as well ag in other parts of the country.

The three areas have contributed at least 30 percent
of the tin produced in the past, Although nc figures are
avoilabie on the production from individual areag values for
the whole province can give a guide to the production history.

The production of casasiterite in ¥igeria from 1904 to
1933 rangced from 1.5 long tons in 1904 to 4, 956 long tons in

1932 with an avcrage of 6652 long tons per year. Between 1933
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and 1950, both cassiterite and the associated columbite were
mined with an average production of 13237 long tons of
cassiterite and 771 long tons of columbite per year. Such
production continued to rise and the production and export
values of tin and columbite from 1950 to 1968 are given in
Table 5.2 (Lukman; 1969).

Table 5.2. Production and Export values of Nigerian Cassiterite

and Columbite.

tons of tons of tons of tons of LExport
Year cassiterite columbite Export columbite
cassiterite

1950-51 11,333 899 11,167 856
1951-52 11,596 1,115 11,164 1,075
1952-53 11,758 1,406 11,942 1,367
1953-54 10,910 2,100 10,810 1,900
195U-55 11,026 3,152 11,107 2,996
1955-56 11,681 2,989 11, 522 2,798
1956-57 12,722 2,397 13,584 2,259
1957-56 12,242 1,709 12,401 1,018
1958-59 7,414 846 6,738 1,103
1959-60 8,310 1,701 8,614 2,107
1960-61 10,596 2,201 10,864 2,976
1961-62 10,634 2,416 9,822 1,899
1962-63 11,275 1,941 7,896 2,195
1963-64 11,845 2,448 10,205 1,848
1964-65 12,154 2,579 9,335 3.225
1965-66 12,818 25157 9,285 2,507
1966-67 12,660 2,185 9,254 2,338
1967-68 12,714 1,682 10,466 2,037

Total 203,688 35,923 186,200 36,492
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Conclusiaons

This study has shown that the two granites at Dutsen
Wai; the biotite granite and the albite-~riebeckitic-arfvedsonite
granite formed by differentiation from iLhe same source. It has
also shown that the Nigerian Younger Granite province contains
two processss of mineralisstion, one phase aTfecting both the
riebeckitic-arfvedsunite granites and the biotite granites,
and anolher phase affecting only the biotite granites and
surrounding country rocks.

ipheckitic—-arfvaedsonite Granites
Riebackit fvedsonite Granites

At the time of crystallisation of these peralkasline
rocks, residual fluids became increasingly enriched in veolatiles
as temperature dropped and crystellisation continued, f(he
fluids continued to change continuously from an agpeitic magma
to a sadium-silicate rich hydrotherinal seclution without supsr-
critical phenomena. Thus the magmatic Tluids progressed to
hydrothermal fluids without an aqueous phase separating of?,

At late stages, and possibly near surface conditiocns, the
confining pressure decreased to below the hydrostatic pressure,
causing an immiscible liquid consisting predominantly of gsoslts
and volatile components to separaie (Kogarke gt al; 1974).

This process led to the riebeckitisation of arfvedsonite znd
introduction of albite, microcline and quartz. It also accounts
for the single period of mineralisation of thesz grenites
characterised by pyrochlore, fergusonite, fTluorite, themsenslite

and cryolite. it the same time, the rocks were enriched in

A

trace elements such as B2, Li, Cs, Cd, Gn, Zn, Rb, $» and Mo,
Owing to the high ecapzhility of zlkaline wpelis to dissclve =apd

retain volstiles (Kugurku; 1974}, and the high cortert of

velatiles and oiher metals in ihe comnensnt minarcls {uee Tabit



4.7), the concentrations of both the volatiles and metal ions
in the co-existing gas phase was low. Also there was no
separaticn of a silicate liquid or a water-rich supercriticsl
phase since aplite dykes are absent and only little marginal
pegmatitic effects are observed. Thus there is a marked

absence of ores, veins and greisens in the peralkaline riebeckite-
arfvedsonite granites.

Biotite Granites

Two phases of mineralisation occurred in the biotite
granites. Chemical analyses have shown that the bictite granites
are peraluminous (agpaitic ratio<l), which implies that the
retention of a miscible aqueous phase is highly unlikely. As
fractional crystallisation continued, the concentration of
volatiles increased in the residuum until saturatimn-when an
aqueous phase separated. The cooler crystaline portions of the
granites in the roof zones of the intrusions were invaded by the
then immiscible phases from the still crystallising granitss =t
slightly deeper levels. The invading fluids introduced alkali
feldspar and quartz, transformed biotite into siderophyllite and
protolithionite, and produced the greisen-fissure veins. However
this process occurred in stages, rssulting in two phases of

mineralisation:-

a. The pre-joint sutometamorphic minerazlisation

This process occurred during the consoclidation of the
biotite granites. At this stage K-feldspars replaced earlier
perthites, while albite developed. Silicificstion and recrystesll-
isation changed the original rock texture. This stag= =zlso
introduced dispersed mineralisation with thorite,columbits, xsno-
time and hafnium-uranium rich zircon. Other trace elements

enriched at this stage include Rb, Li, Y, Zn, Sn and Pb. As

the biotite granites (now apogranites) finally censolidated,



contraction caused distinctive joints, fissures and Troctures
which were then wuwtilised by the late hydrothermel fluids far

the formaticon of the second phase of minecslisation.

b. The poet-joint replacement areicen~-mineralisation

This phase of mineralisation tock place in the roof
zones of the cooling consolidated biotite granites. It invelwed
a metasomalic introduction of caceiterite, together with

abundant sulphides minerals into crystalline host rocks along

cooling joints, fissures and fractuxes. Tha mineralisatiun
produced prugzessive replacement of originel host rack minerals,

and affvcited the countiry zocks ws well. The replacemeant procscees
occurred in & definite sequence with small variztions in the
products, depending on the rocks in which they cccurred.

However not 211 the two processcs are found in &ll the
biotite granites. OSome biotite granites may be affected by the
pre-joint {slbitisetion) phose eof mineralisation withcout the
post-jeint phase while some biotite granites contain both phases
and some contain only the post-jeint phase of mineralisation.

Each area studied may contain certain features which
are absent in other areas. The findings =2t each area are
summarised here:-

I, Ririwsi

Bolh the pre-joint and post-jcint mineralisation cecurred
in the Ririwai bioliie graniie, The pre-joint mincralisation
caused extensive elbitisation perticulaxly atl depths of about
400 m below the present surface level where there is thorcugh
recrystallisation ahd disseminated ores are abundant, Columhite,
sphalerite and some cassiterita woas disseminaced in the graznita
at this time,

The posi-joint minprslisztion was on a lexrger scole,

producing a large wein lzde, wany swmaller veins, greiseas end
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abundant ore minerals such as galena, sphalerite, cassiterite,

chalcopyrite and arsenopyrite. The veins consisted of quartz,
Li-Fe and Li-Al micas, chlorite, topaz and/or fluorite wifh

ore minerals, and these were enriched in the wall rocks as well.
The sequence of replacement has been established as follows:-

(1) Haematisation and Kaolinisation

These took place at the same time, Thé kaolinisatiocn
involved the partial alteration or replacement of feldspars,
forming K-feldspars and clay minerals, most prominently
kaolinite. Haematisation involved the staining of the K-feldspar
with haematite formed from iron not teaken in by new minerals
formed from pre-joint mineralisation as well as from the
kaolinisation. The haematisation resulted in the zone of wall
rock reddening adjacent toc veins and greisens.

(2) Chloritisaticn and Sericitisation

These processes too took place simultaneously although
chloritisation appeared to have started before sericitisation.
The original biotite of the host rock was partially chloritised
and in some places wholly replaced by chlorite, while at the
same time sericite develcoped from feldspars. Small amounis of
sericite also formed from alteration of the developed chlorite.

Ore Concentration and Fluorite

The chloritisation and sericitisation were accompanied
by the heaviest concentration of ore minerals; sphalerite,
chalcopyrite, pyrite, arsenopyrite and abundant fluorite. At
this stage, small veins containing the above ores as well as
cassiterite grains in the mica surrounding the veins started
_ to develop.

(3) Greisenisation

The greisenisation phase was characterised by the
formation of new micas identified as mainly protolithionite

and siderophyllite in association with quartz. At this stage,
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botl: cassilterite ang topaz were introduced witile so.e of the
earlier Tormed fluorite decreased and nearly all of the hacuatite
staining destroyed. Tt is the writerts belief that Cthe ecarlicr
fluorite decreased beeause some ol the fluorine went into the
Tormation of topaz while the releasced line went inteo the
forration of a clay mineral obsaerved in the swall wvugs in the
greisens associaled with a feldspar believed Lo -be adularia.

The haematisation was desiroyed, and the iroeu content went inte

the formation of the greisen micas.

(4) silicification

The last process was silicifTiecation with qguartz veins
infilling fissures. The smaller quartz veins crosscut all the
previous products of altevration, This process invelved an
inerease in the proportion of guariz to other manerals in the
altered wallrock as well as introduction of massive quoartz in
the fissure fillings. This proecess alse deposited more
sphalerite, cassiterite and galena, and was the only period
of wolfram mineralisation, being restricted Lo the guariz voeins.,

IT Gindi Alkwati

At Gindi Akwati, only post-joint mineralisation
occurrcd, with Older Granite as the host rock.

1, Shearing and mylonitisation

The Older Granite was shearcd and {raciured by the
emplacenent of the Graniite porphyry.

2, Argillisation and laematisation

The argillisation of the Older Gra nite starved along
the shear plauwes with fthe replacemeint and partial conversion of
the strained and grannlated feldspars into clay minerals, wmont

promincatly montmorillonive. At this tiwe l1ilttle hacmatiie slso

developed and pave the rocks a browvnish outlook.
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Tt will be observed that in Lhe biotite pgranite the
clay mineral kaolinite was mostly I‘nr‘r:md at this stage, while
in the Older Granite montmorillonite appears to be the most
prominent clay mineral, Tt is the writer's opinion that at
Gindi Akwati, alteration took place under more alkaline
conditions than at Ririwai. At Gindi Akwati, the Older Granite
has a granodioritic eomposition with low K and relatively nore
Mg and Ca than in the biotite granite hence the conditions were
more l‘avourable for the foruwaticen of montmorillonite. At
Riviwai the biotbtite granite contains more alkali feldspars amd
has an acidic composition which would favour the formation of

kaolinite.

3, Chloritisation and muscovitisation

The biotite of the Older Granite was partly replaced or
converted to chlorite and muscovite. Very little sericite was
formed, At this stage abundant sphalerite and fluorite were
introduced. Other wminerals introduced at this stapge inecluded
chalcopyrite, pyrite, cassiterite, bornite, molybdenite and
grecnockite. Besides the ore minerals and a few grains of
quartz and feldspars of the original rocl, the resi of the rock
contained nainly biotite, cehlorite, muscovite and small mica-
quartz-fluorite veinlets started Lo develop.

h, Greisenisation

The greisenisation process was characierised by

complete elimnination of original quartz and feldspars,

formation of small amounts of Li-Fe and Li-Al wmicas, introduci-

jon of abundant topaz in some sections with a decrcase in
ffluorite. More sphalerite was also introduced. Ifowever itho

resultant greisens still containgd biotite, muscovite and

high proportiacns of chiorite.
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S5¢ Silification and feldspathisption

The last process was guariz-Leldspar infilling
fissures crosscutting all the previously formed features of
the alteration processes. The awowt of quartz infilling
fissures was subordinate to the feldspars and in soue veins
albile cryst#ls developed at centres of the veins. Roth
wolfram sphalerile and 2 little fluorite and cassiterite were

introduced at this stage.

JIXI buisen Vai

Here, Lhe carly dispersed phase of mineralisation
introduced albite, microcline and recrystallisation in the

albjte-riebeckitic-arfvedsonite granite accompanicd by envichi-

ment in trace elewenits and the minerals pyrochlore, asiro-
phyllite and amblygonite.

In the biotite wranite vhere was a small scale pre-

joint dispersed mineralisation mainly of columbite and
cassiterite., No veins and greiscpe developod and concentriacvion
of columbite and cassiterite is present only in the alluvials.
Thus the alluvial concentration musi have formed by:-

1, wWeathering

The weathering of the biotiLé granite concentrated the
‘dispersed mincralisation in the alluvials. TL is also the
writer's opinion that the roof zones of this granite may have
been affected by post-joint mineralisation but weathering of
Lhe roof zones may have concentrated cassiterite in the
alluvials (Chapter. ).

2, Dccomposition

1

The weathoered minerals deconiposced end released their

ti: content as well as the soelvmbite inte the alluvials,

[}

Parhaps here coluwbite may not be ineluded butb such & procoss

Might be possisle i€ minperals decomposing contained Ta and b,



3, Oxidation

The tin leached from the decomposed minerals under-
went hydrolysis by groundwater acticn and was subseqguenbly
oxidised to cassiterite. Such a process is (easible as
discussed in Chapter U, but such a formation of cassiterite
may be too fine grained for recovery. liowever it is possible
that tin released from other minerals could Torm overzrowths
on originally accessory cassiterite from the weathercd roch.

This study has also revealed that the preduct of walil-

rock alteration and associaled iron-ore minerals depend on the

host rock in whieh the mineralisation ocecurired. IC it gccurrad
in biotite granites, Ghe resultanl greisens would be hipglily
enriched in silica and quartz with little flucrite and topaz,
If it occurred in Older Granite with an initial plagioclase
composition (m% at Gindi Akwati) a mica greisen would result
and hipgh depletion in silica and Guarts, locally enriched in
fluorite and topaz. In such a case abundant fluerite developed
due to the available lime releascd by the destruction of Lhe
feldspar of the Older Granite, while lopaz would form at the
greisenisation stage duce to the available fluorine from partly
destroyed Tluorite, which had developcd at the chloritisatioun-
seéricitisation stage as well as the alumina releuwsed by the
complete destruction of Lhe original feldspar at the greiscen-
isation stage., The lime released by the partial destrouciion
of flunoerite weuld have contribulted to the Final plagieclasce
foruation at the feldspathisation stage.

The sitages vl a'teration vcrocesses in Ltho ftwe cascs

can be sumnuarisoed thusg-
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Biotite Granite Qlder Granite

Shearing and mylonitisation

Kaolinisation nnd Hacmat-

isation Argillisation and Haematisation

Chloritisation major ore Chloritisation and tuscovitisation

Sericitisation introduction Sericitisation

Greisenisation Greisenisation

Silicification Silicification and felspathisa-
tion ;
Teldspathisation,

This scheme is based on the writer's findings at the
areas conccrmed and may be different in other areas. Furthey-
more, Finnaired (Private discussion) suggested a scheme (much the
samc as the writers') for altcration in biotite granitcs and her

scheme ig prosonted below,

1, Argillisation and Haematite formation

2, Chicritigation

3, Sericitisation

4, Greigsenisation

5 Silicification (rarely with feldspar growth).

Sphalerite and Cassiterite

This ctudy has shown that by far the most abundant ore
mineral at Ririwai and Gindi Akwati is sphalerite, In most
of the greisen zones, cassiterite is subordinate to sphalerite
and My cven be absent. At Gindi Akwati, the late dolerite
dykes 2re highly onriched in Zn compared to the normal Zn
valucs in basic rocks, although they contain no visible
sphalerite. In general sulphide ores may all become more
abundant than cassiterite.

Pyrite |
Tho dolerite dykes at Gindi skwati are highly mineralised

with pyrite as o primary component of the rocks, and bears no



direct relationship with the post-joint mineralisation in the

Older franite.

There is no definite zoning of ore minerals, However
individual veing may oxhibit local zonation of ores with
sphalerite at centres of veins and cassiterite on the margins
within o micaccous matrix, The general occurrence of oros is
that of ielescoping, affecting the host rocks at random,
which is an indication of a near surface deposition mmd
minernlisntion by several phases of hydrothermal fluid action,

Hineral Zfssociations

T

At Ririwair, the mineralisation has the quartz-mica-
topaz~fluorite-cassiterite~sulphide association, while at Gindi
Alwati thore are two associationzy the quartz-mico-teopasz
fluorite-nnsziterite—-sulphide and the feldspar~mica~fluvorite-—
topaz—cassiterite~sulphide types.,

It iz not clear what role the mineraliging fluids
played in the different processos of alteration and ore
deposition sincc the nctual chemical composition of the ore
fiuids, the chemical couses ond changes involved during
mineraliszation, the degree of water saturation and the oxact
pregsures and temperaturces of formation are unknowr, Howover
the results of this study are compatible with field occurrences
and their use combined with further research will surcly reveal
more about the Migerian Younger Granite Prowince and its
associnted mincralisation.

Discussion and Suggestions,

Potrographic and chemical analyses have shown that
although the peralknline and the biotite granites haove a
gimilar nagnetic source, the late hydrothermal fluids that

affected the rocks may be of different sources. This differ~
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mcee is observed mainly in the intensityv ol recrystallisation

and the new growih of albite and micrecline whicech are more

abundant in the perulkéline granite.

1, During the dispersed phase of wminceralisation, diflerent
elements concentrated in the two rock types,; for instance
the wminerals pyrochlore, cryvolite and amblygonite are
conf'ipncd to the agpaitie riebecxitlic granite while columbite
is restricted to the plumasitic apogranite. The differ-
ences must be related to the composition of the hvdrothermal
fluids that intweduced these ninerals,

2, The post-joint mineralisation ino Lthe biovite ygranite involved
late hydrotiiermal {fluids as well as the host rock in which
mineralisatlion occurred. Although the elicizieal composilioen
of the host rocks is known, the chemical compoesition of Lhe
Tluids is not known., The alteration processes are discussod
based on the compositions eof Lthe altered wall roclis,; and 1l
actual chemical transtorpations are not completely hnown,

o
Further woirk has to be done by studying the D7/,

ol8 016

/

indicate a possible source of woaler in the fiuwids and hence the

isotopiec ratios in sSomwe of Lhe nincrals which would

origins of the mineralising PMuids associated with both rock
types. This will also eclarify the wineralisation in the Cider
Granites and busenent reews wheve biotite granites with which
minervalising fluids are suspoascd To b2 assvelialed are not
visible, for instance at Gindi Aowaiis,
.

Pertraps Ph isotope studics on sono wminerals. Vike

monazite and paleun wilbl give ages that correspond wiih Lhe

ages of the hosi racls, Thiis will alse Aaid an undersdoe g
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the scurce of thie hydaretheral flulds associated with Lhe
minerals as well as their host rochs., PFPuriher work should
include Lluid inelusion studies in the vein minerals, which
will jndicate not only the composition of the mineralising
fluids, bul alse the temperature at which the ores were foriicd
and the form in which they were transported,
3, It has been found in this study that sphalerite is more
abundant than cassiterite in two o the Lthrce areas studiced,
Furthermore the dolerite dykes al Gindi Akwati have been highiy
enriched in zinc and also contain pyrite believed Lo have
crystallised with the roctis, In the past all attention on
mineralisation in this jprovince has beenr centred on cassiterite.
It is necessary to study more areas of minecralisalion with
particular attention on the extent ol Zn mincralisation. At
Gindi Akwati, more worl shounld be done on the dolerite dykes,
both in the mineraliscd zone and ovutside the zone to compare the
Zn values as well as fthe pyrite mincralisation. This will tell
vhethexry the doleribe magna had interacted with the wineralising
fluids only in this zone or cven outside the zone, Such a
study combined with the studies on sphalerite in other arcas
will reveal whether the dolerite nagma was dinitially rich in
Zn and iron sulphides as well as to establish whetlier this arca
is not Jjusi a tin province but alse a Zn province,
L, At Dutsen VWai, I have put forvard two thecories for the origin
of the alluvial cassiterite. The most Jikely one is that the
roof zaones of the bivtile pgraniive were alfected by poest=joinl
mineralisatbion wicth veinlets containihng cossiterite.
Subsequent crvosion and vealhering of the roof’ zones was
responsible for the accumualatlon ol cassiterite In the allwnviols
The ¢ause ol the barren gpranite as it is now would be ihe depth

ol" orasion. The second theory of leaching tin Ffrom wipevals of
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the decomposed granite, particularly biotites also cannot
just be discarded. IMurther work is therefore needed not only
on the measureinent of the tin counent ol biotites in this
province, bhut alse on the mechanism of release of tin from
biotites and how important this mechanism is in the
concentration of tin which is abundant in the alluvials in
this province.
5, At Gindi Alwati, mineralisation is @gssociated with feldspathic
veins while ai Ririwai feldspatbie veins are lacking., However
at deeper levels of the present Riviwai surface, feldspathisat-
ion has been observed in the bioctite granite associated with
the minceralisation, while silica has been lecached from this
zone., FPerinaps the causes pay be related to depth of eresion or
pressure amdl chewicnl gonditions asscveiated with the mineralis-
ing fluids. AT Wirdwni Che hydrotberwmal fluids may have
leached silica at depth and later released it at lower temper-—
atures and pressures al the surface into the greisens and ln
the veins as qQuartz. At Giundi Akwati the reverse could have
happened with varying chemical composition of the mineralising
fluids. Perhars there may be silicification al depth with
leaching of feldspars which were later deposited in the veins at
surface. If the tenjeratures of formation and the chemical
composi tions of Lhe wineralising fluids are known such
phenomena could be explained better.
6, Tt has been observed that wolfram occurs restricted in the
preisen veins or j;: mineralised gnartz veins which penetrate
bascuentl rocis adjacent to Lthe Younger Granites, 11 the
temperature, chmicnl eomnosition,; oripgin and chemical reactions
talking place ducing ore deposition are known, an 'explauscion

can emneryge whichh batter cxplains such occurrejces.

7y At Gindi Akwati, the lede does nol contaln cecononic
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mineralisation for comdercial exploitation as can be secen
from the present available data¢ However there is a small
inerease in ore concentration with depth. It is the writers!
opinion that there may be a biotite granite batholith with
more mineralisation at depth. It will be a good idea to
drill further as well as putiing more drill holes to interscct
the larpest pgreisen zone at depth., This might {-;.ive a bettoer

idea of the nature of the nineralisation arnd ore concentration.
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Plate 2, Sheared Qlder Granite with fluorite

(dnrk) developed along cracks;

Ordinary illumination., X 35
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Plate 4, Calcite vein in a dolerite dyke;

Ordinary light, x35



Plate 5, Contact of dolerite dyke (:!:11‘1-:) and

greisenised granite (t';j't':\.') 3 Crossed,

x35
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APPENDIX TT.

Explanation of some of the terms used.

1,

3,

5

75

9,

10,

Agpaitic ratio = the molecular proportions of potash
(KQO) and Soda (NaZO) divided by the molecular proportion
. ) .

of alumina (Alzoj), expressed

MP (KZO) + MP (Na,0)

MP (A1203)
Agpaitic rock is one which has agpaitic ratio greater

than 1 and plumasitic rock is one with the ratio less

‘than 1.

Basement refers to the country rocks composed mainly of
Older granites, gneisses and migmatites.

Greisen applies to an altered rock due to hydrothermal
fluid action with introduction of micas, quartz and/or
feldspars and ore minerals.

Greisenised granite refers to an altered rock as above
but with some of the minerals and textures of the
original rock still preserved,

lLLode refers to a zone in which ore minerals have been
introduced usually in the form of wveins, fracture =zones
accompanied by alteration of the host rock.

M.P. = wmolecular proportion.

P.P.M. = parts per miilion.

Primary mineralisation here means ore minerals formed

at the time of c¢rystallisation of the host rock or intro-
duced at later stages by hydrothermal fluid action.

The name Ririwai has been referred to in previous liter-
ature as Lirueid buﬁ the actual place is known as and

R

called Ririwai.



11,
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162
Sample Numbers;: DY refers to Dutsen Wai. “The
following number system has been used for Gindi Akwati
e.5. E| 4,5 means sample from E corc, iray No. 1 at a
depth of 4.5 m. At Ririwai L13 is the core muainber and
the numbers after L13 refer to depths at which the
sample is taken.
Secondary mineralisation refers to ore wminerals found

as cluvial or alluvial after a rock with primary

mineralisation is weathered.

E
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APPENDIZX IIA

The following references:-

(1) Black (1971)
(2) Turner (1971)

are found in linclLeod, Y. N., Turner, D.C., and

Wright, E.P., 1971

The Geology of the Jos Plateau.

Bull, Geol, Surv, Nigeria, 33




